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The  cover  photograph  is  a  recording  of  a  new  lens  test 
to  examine  chromatic  aberration.  The  lens  used  was  an 
experimental  lens  with  a  large  amount  of  chromatic  aberra¬ 
tion,  but  a  small  amount  of  monochromatic  aberration.  The 
photograph  shows  a  greatly  magnified  side  view  of  the 
distribution  of  white-light  energy  as  it  comes  to  the  focus 
of  the  experimental  lens.  The  view  is  perpendicular  to  the 
optical  axis  of  the  lens. 

The  picture  can  be  thought  of  as  generated  by  moving 
a  white  thread  (white  light)  along  the  optical  axis  being 
photographed  from  the  side.  The  picture  is,  therefore,  a 
composite  of  all  positions  of  the  thread.  (Photo,  courtesy 
of  Itek  Corporation,  Lexington,  Massachusetts.) 
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This  book  begins  with  a  con¬ 
sideration  of  the  fundamentals  of 
physics:  how  motions  are  ana¬ 
lyzed,  how  forces  are  measured, 
how  forces  produce  motions,  and 
how  they  are  related  to  matter 
and  energy.  Even  on  the  fron¬ 
tiers  of  physics,  in  such  areas 
as  optics,  nucleonics,  and  elec¬ 
tronics,  you  never  cease  dealing 
with  force  and  motion  and  their 
relationship  to  matter  and  energy. 
Unlike  most  physics  books,  this 
one  includes  an  early  introduction 
to  the  structure  and  behavior  of 
the  atomic  nucleus  so  that  you 
may  early  recognize  that  the  con¬ 
cepts  of  force  and  motion  relate 
to  matter  and  energy.  Such  a 
development  allows  you  to  see 
the  interrelationships  of  funda¬ 
mental  concepts  and  how  these 
concepts  form  the  basis  for  un¬ 
derstanding  complex  physical 
phenomena. 


From  photographs  by  E.  C.  Slipher,  Lowell  Observatory. 


These  photographs  show  the  phases  of  Venus.  In  the  crescent 
phases,  Venus  is  closer  to  the  earth  and  appears  larger  and 
brighter  than  at  other  times. 


Motion 


Are  you  planning  a  trip  to  Venus  (see  facing  page)?  On  some  evening  when  Venus  is 
very  bright,  it  is  a  mere  twenty-six  million  miles  away.  Now  would  seem  to  be 
a  good  time  to  start.  Your  rocket  must  have  enough  fuel  to  lift  you  off  the 
earth  and  give  you  the  necessary  escape  velocity  of  about  25,000  miles  per 
hour.  Soon  you  can  cut  off  your  rocket  engine  and  coast  the  rest  of  the  trip. 
You  should  reach  the  orbit  of  Venus  in  about  3  months. 

But  where  is  Venus?  You  headed  straight  for  it,  but  now  it  is  not  there.  If 
you  look  out  into  the  sky,  you  will  see  it,  not  quite  as  bright  as  when  you  left  the 
earth,  for  in  3  months  it  has  moved  about  a  hundred  seventy  million  miles  and 
is  farther  away  than  ever. 

Perhaps  you  could  have  started  earlier  and  aimed  for  the  point  where 
Venus  will  be  when  you  arrive.  In  that  case,  you  will  need  a  very  careful  de¬ 
termination  of  the  angle  at  which  you  leave  the  earth.  If  you  make  an  error 
of  only  a  tenth  of  one  degree,  you  will  miss  your  destination  completely. 

The  engineers  who  plan  the  launching  of  satellites  and  rockets  into  outer 
space  must  know  a  great  deal  about  motion,  velocity,  acceleration,  and  math¬ 
ematics,  so  that  they  can  make  their  calculations.  When  you  finish  reading 
this  chapter,  you  will  not  be  able  to  plot  the  course  of  a  spaceship,  but  you 
will  know  a  little  bit  more  about  motion  and  the  way  in  which  physicists  handle 
their  calculations. 


Uniform  Motion 


1-1  Velocity  is  speed  in  a  specified 
direction.  Automobile  speed  records  are 
often  made  on  the  salt  flats  of  Utah.  Here 
on  the  hard,  level  surface  a  driver  can  race 
without  being  slowed  by  bumps  or  sudden 
turns.  When  he  has  finished  his  course  and 
the  record  has  been  calculated,  no  one  asks 


whether  he  was  going  east  or  west  or 
around  in  a  huge  circle. 

Airplane  speed  records  are  somewhat 
different.  If  you  were  told  that  a  plane 
covered  the  distance  from  coast  to  coast  in 
a  certain  length  of  time,  you  might  need  to 
know  whether  the  trip  was  east-to-west  or 
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west-to-east,  before  you  could  tell  whether 
or  not  this  was  a  record-breaking  trip.  Di¬ 
rection  does  matter  in  this  case  because 
west-to-east  trips  have  the  prevailing  winds 
with  them  and  therefore  take  less  time  than 
trips  in  the  opposite  direction. 

When  a  physicist  uses  the  term  velocity 
(t>),  he  is  referring  not  only  to  how  fast  an 
object  may  be  moving,  but  also  to  its  direc¬ 
tion.  Velocity  is  a  vector  quantity,  one  that 
has  both  magnitude  (amount)  and  direc¬ 
tion.  The  magnitude  of  a  velocity  is  termed 
its  speed,  which  may  also  be  defined  as  the 
distance  traveled  per  unit  time.  A  quantity, 
like  speed,  that  has  only  magnitude  is  called 
a  scalar  quantity* 

The  length  of  a  piece  of  paper  may  be 
20  centimeters.  The  direction  is  not  im¬ 
portant  because  the  paper  may  lie  in  any 
position.  However,  the  distance  from  Cal¬ 
gary  to  Edmonton  is  not  simply  180  miles; 
it  is  180  miles  in  a  direction  from  south  to 
north.  This  latter  distance  is  a  vector  quan¬ 
tity.  A  distance  vector  which  is  measured  in 
a  particular  direction  between  two  points  is 
called  adisplacement(s). 

If  you  push  or  pull  on  an  object,  you  do 
so  in  a  particular  direction.  Therefore  the 
force  ( a  push  or  a  pull )  is  a  vector  quantity. 
As  you  read  this  book,  you  will  become  ac¬ 
quainted  with  other  vector  quantities. 

Some  quantities  never  are  vectors.  Try 
to  imagine  the  direction  of  a  quart  of  water, 
for  example.  Volume,  the  brightness  of  a 
light,  the  temperature  of  a  room,  the  loud¬ 
ness  of  a  sound,  have  magnitude  but  not 
direction.  They  are  scalar  quantities. 


1-2  Uniform  velocities  can  be  calcu¬ 
lated.  A  velocity  is  called  a  uniform  ve¬ 
locity  when  there  is  no  change  in  either  the 
direction  or  the  magnitude  of  the  motion. 
The  formula  for  uniform  velocity  tells 
mathematically  that  velocity  is  the  displace¬ 
ment  ( s )  in  a  given  direction  divided  by 


the  time  ( t )  during  which  the  displace¬ 
ment  occurs. 

s 

v  =  - 
t 


In  practice,  velocities  are  seldom  truly 
uniform  for  more  than  brief  intervals  of 
time.  So  a  measurement  of  uniform  ve¬ 
locity  must  be  made  in  terms  of  a  small 
displacement  and  a  corresponding  small 
interval  of  time.  In  mathematics,  this  is 
commonly  expressed  by  using  the  Greek 
letter  delta,  A,  to  indicate  a  small  change  in 
some  variable.  Accordingly,  the  formula 
for  velocity  is  often  written: 

As 

v  =  — 

At 

You  would  read  this,  “v  equals  delta  s  over 
delta  t.”  In  your  mind,  however,  you  would 
think,  “Velocity  equals  a  small  displace¬ 
ment  divided  by  a  corresponding  small  in¬ 
terval  of  time.” 

A  car  speedometer  records  only  the  mag¬ 
nitude  of  the  velocity.  If  you  watch  the 
speedometer,  you  notice  that  the  speed  does 
not  remain  the  same,  but  increases  and  de¬ 
creases.  Usually  the  direction  also  changes 
frequently.  To  find  the  magnitude  of  the 
average  velocity,  you  can  use  the  same 
formula  as  for  uniform  velocitv,  writing 
vav  instead  of  v : 

s 

V av  ~  ~ 

The  direction  of  the  average  velocity  and 
the  direction  of  the  displacement  are  the 
same.  See  Examples  1  and  2  on  p.  3. 

There  are  several  points  worth  noting 
about  Example  2.  One  is  that  no  direction 
was  given,  since  only  the  magnitude  of  the 
velocity  was  involved  in  the  solution.  Sec¬ 
ondly,  notice  very  carefully  the  way  in 
which  the  units  have  been  written  into  the 
solution,  and  the  fact  that  they  have  been 
handled  algebraically  in  the  same  way  as 
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EXAMPLE  1 


EXAMPLE  2 


A  plane  flies  266  miles  from  Edmonton  to  Medicine 
Hat  in  a  time  of  1 .75  hours  on  course  1  47°.  (This  means 
at  an  angle  of  147°  measured  clockwise  from  true 
north).  Find  the  average  velocity. 

Given:  s  =  266  mi. 

t  =  1 .75  hr. 
course  =  1  47° 


T o  find: 


Solution: 


Vav 

S 

Vav  ~  ~ 
L 


Vav 


S 

~t 


Vav 


266  mi. 
1.75  hr. 


=  1  52  mi/hr. 

Vav  =  152  mi/hr.  on  course  147°, 

Answer 


A  jet  plane  can  travel  at  an  average  rate  of  600 
mi/hr.  How  much  time  is  required  for  it  to  travel  from 
Vancouver,  B.C.,  to  Winnipeg,  Manitoba,  a  distance 
of  1  500  miles? 

Given:  Vav  =  600  mi/hr.  s=  1500  mi. 

T o  find:  t 

s 

Vav  —  ~ 

L 


Solution:  vav 

600  mi/hr 

600  mi  X  t 
hr 


s 

t 

1  500  mi 
t 


1  500  mi. 


t 

t. 

t 

t 


1  500  mi  X  hr 


600  mi 
=  2.5  hr 


60  min 

=  2  hr  +  0.5  hr  X  - 

1  hr 

=  2  hr  30  min,  Answer 


numbers.  Finally,  notice  that  the  answer 
has  been  rounded  off  to  three  digits,  since 
only  three  were  given  for  the  magnitude  of 
the  average  velocity.  You  will  learn  about 
the  rules  for  handling  digits  on  pages  20-21. 

1-3  Velocities  may  be  represented  by 
diagrams.  Any  vector  quantity  may  be 
represented  by  an  arrow  in  the  proper  di¬ 
rection,  with  its  length  proportional  to  the 
magnitude  of  the  quantity.  For  example, 
suppose  that  a  man  is  rowing  a  boat  north 
at  3.0  mi/hr.  At  the  same  time  the  stream  is 
flowing  north  at  2.0  mi/hr.  These  two  quan¬ 
tities  are  diagramed  in  Fig.  1-1. 


As  a  result  of  these  two  motions,  the  boat 
travels  at  a  velocity  of  5.0  mi/hr  north,  with 
respect  to  the  bed  of  the  river.  This  is 
called  the  resultant  velocity  ( vR )  or,  simply, 
the  resultant.  It  is  diagramed  in  the  third 
part  of  Figure  1-1.  The  arrow  above  the 
letter  v  in  these  diagrams  means  that  this  is 
a  vector  quantity.  The  resultant  of  any 
group  of  vectors  is  the  single  vector  that 
has  the  same  effect. 

Now  the  man  turns  and  rows  south  at 
3.0  mi/hr.  However,  the  stream  is  carrying 
him  north  at  2.0  mi/hr.  Therefore,  the  re¬ 
sultant  velocity  is  1.0  mi/hr  south.  The  vec¬ 
tor  diagram  is  shown  in  Fig.  1-2.  Notice 


Figure  1—1  Addition  of  two  vectors  in  the  same  direction. 


Vi  =  3.0  mi/hr  N 

A  man  is  rowing  north 
at  3.0  mi/hr  (T1 ). 


~i>2  —  2.0  mi/hr  N 

At  the  same  time  the 
stream  is  flowing  north 
at  2.0  mi/hr  ( t»2  )- 


VR  =~v  i  +  \ 

=  5.0  mi/hr  N 

Therefore  the  boat 
travels  north  at  5.0 
mi/hr  [~Vr). 
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7>2  =  2.0  mi/hr  N 


I  =  \  +  y2 

f  =  -3.0  mi/hr  N  +  2.0  mi/hr  N 
=  1 .0  mi/hr  S 

7;  =  3.0  mi/hr  S 
=  —  3.0  mi/hr  N  1 

Figure  1-2  Addition  of  two  vectors  in  oppo¬ 
site  directions.  Vectors  toward  the  north  are 
considered  positive;  and  those  toward  the 
south,  negative.  The  stream  flows  north.  The 
man  rows  south.  The  resultant  is  a  velocity  of 
1 .0  mi/hr  south. 


that  for  both  of  these  cases  the  resultant  is 
the  sum  of  the  other  two  vectors  with  at¬ 
tention  being  paid  to  the  direction  of  each 
vector.  Because  the  resultant  is  the  sum  of 
two  (or  more)  vectors,  it  is  often  called  the 
vector  sum. 

Figure  1-3  shows  more  complicated  situ¬ 
ations.  Here  the  man  is  rowing  at  an  angle 
to  the  stream.  In  order  to  find  the  resultant, 
draw  the  two  vectors  to  scale  with  the  tails 
of  the  arrows  touching  and  the  proper 
angle  between  them.  Then  complete  a 

Figure  1-3  Addition  of  vectors  at  acute  and 
oblique  angles. 


a.  If  the  man  rows  at  an  acute  angle  (50° 
in  this  case)  to  the  stream,  the  resultant 
velocity  is  found  by  completing  a  par¬ 
allelogram,  using  and  ;;2  as  two  of 
the  sides.  Here  the  parallelogram  has 
been  drawn  to  scale  and  the  resultant 
is  found  to  be  4.5  mi/hr  at  an  angle 
of  30°  east  of  north. 

~Vr  =  "?i  +  1>2  =  4.5  mi/hr  at  030° 


b.  This  method  works  also  if  the  angle 
between  the  vectors  is  oblique  (130° 
here).  By  measuring  the  resultant,  you 
can  see  that  it  is  2.3  mi/hr  at  an  angle 
of  88°  east  of  north. 

Vr  —  "t’l  +  "?2  =  2.3  mi/hr  at  088° 


parallelogram,  using  these  vectors  as  two 
of  the  sides.  The  resultant  is  the  diagonal 
of  the  parallelogram.  Since  the  drawing  is 
made  to  scale,  the  magnitude  and  direc¬ 
tion  of  the  resultant  can  be  found  by  meas¬ 
urement. 

The  equation  for  the  resultant  is: 

vr  =  »i  +  H 

This  equation  shows  that  directions  must 
be  taken  into  account,  which  is  not  the  case 
in  ordinary  addition. 

If  the  man  in  the  boat  rows  at  right 
angles  to  the  stream,  the  resultant  can  be 
found  from  a  scale  drawing,  but  it  can  also 
be  found  by  computation.  Figure  1-4 
shows  two  ways  in  which  this  can  be  done. 

Figure  1-4  Addition  of  vectors  at  right  angles 

to  each  other. 


When  the  vectors  are  at 
right  angles,  the  magnitude 
of  vr  can  be  found  by  the 
Pythagorean  theorem. 


(no  arrows  because  only 
Vr  —  v i"  +  f22  magnitude  is  involved) 


-(O’+K)' 

Vr  =  3.6  mi/hr 


Z BOC  (from  scale  drawing)  =  56° 


The  solution  can  also  be  found  by  trigonometry: 


.  rms- ,  t>i  3.0  mi/hr 

tan  Z BOC  =  J  n  = 

t>2  2.0mi/hr 


1.5 


/.BOC  =  56°  (No  more  than  2-digit  ac¬ 
curacy  is  justified  here) 

cos  Z BOC  =  ^ 

VR 

0.56  =  2-Qm^h-r 

VR 


0.56  vr  =  2.0  mi/hr 
Vr  =  3.6  mi/hr 
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Self  Check 


1 .  What  is  the  difference  between  velocity 
and  speed? 

2.  If  a  car  rounds  a  curve  at  a  constant  50 
mi/hr,  is  it  traveling  at  uniform  velocity? 

3.  If  a  car  travels  north  at  a  constant  50 
mi/hr,  is  it  traveling  at  uniform  velocity? 

4.  If  a  car  increases  its  speed  at  a  constant 
rate  from  20  mi/hr  to  50  mi/hr,  is  it  travel¬ 
ing  at  uniform  velocity? 

5.  Name  two  quantities,  other  than  velocity, 
that  are  vector  quantities. 

6.  Name  two  quantities  that  are  never  vector 
quantities. 

7.  You  drive  600  mi  in  a  total  elapsed  time 
(counting  all  stops)  of  20  hr.  What  is 
your  average  speed? 

8.  How  long  does  it  take  to  walk  5  mi  at  an 
average  speed  of  4  mi/hr? 

9.  A  train  pulls  out  of  a  station  at  a  speed  of 
10  mi/hr.  A  man  in  the  train  sprints  down 
the  aisle  toward  the  rear  of  the  train  at  10 
mi/hr.  You  are  standing  in  the  station 
watching.  What  is  his  velocity  in  relation 
to  you? 

10.  An  escalator  is  moving  toward  an  upper 
level  at  3ft/sec.  You  walk  up  the  escala¬ 
tor  at  4  ft/sec  parallel  to  the  incline.  What 
is  your  velocity  with  respect  to  the  incline 
up  which  the  escalator  rises? 


Problems 


1.  A  car  travels  from  Lethbridge  to 
Edmonton  in  6  hr.  20  min.  Find  the  average 
speed  if  the  distance  is  316  miles. 


2.  When  a  certain  driver  sees  an  obstruc¬ 
tion  in  the  road,  it  takes  him  0.80  sec  to  react 
to  the  obstruction  and  put  his  foot  on  the 
brake.  If  his  car  is  traveling  at  60  ft/sec,  how 
many  feet  will  it  go  before  he  puts  his  foot  on 
the  brake? 

3.  You  are  in  a  train  that  is  traveling  west 
at  80  mi/hr.  If  you  walk  forward  in  the  train 
at  4  mi/hr,  what  is  your  velocity  with  respect 
to  the  earth? 

4.  If  you  walk  toward  the  rear  of  the 
train  at  4  mi/hr,  what  is  your  velocity  with 
respect  to  the  earth? 

5.  You  look  out  of  the  train  and  see  a 
bird  flying  in  the  same  direction  as  the  train. 
However,  the  train  is  going  faster  and  the 
bird  seems  to  you  to  be  moving  toward  the 
rear  of  the  train  with  a  velocity  of  30  mi/hr. 
What  is  the  velocity  of  the  bird  with  respect 
to  the  earth? 

6.  From  your  seat  on  the  right  side  of  the 
train  you  roll  a  ball  at  20  mi/hr  south  across 
the  floor  of  the  train  at  right  angles  to  the 
motion  of  the  train.  What  is  the  velocity  of  the 
ball  with  respect  to  the  earth? 


Discussion  Questions 


1 .  Give  examples  of  scalar  and  vector  quanti¬ 
ties  other  than  those  mentioned  in  this 
chapter. 

2.  How  can  two  vectors  be  combined  to  give 
the  largest  possible  resultant? 

3.  How  can  two  vectors  be  combined  to  give 
the  smallest  possible  resultant? 

4.  How  could  you  handle  a  problem  in  which 
you  wished  to  find  the  resultant  of  three 
vectors?  For  example,  you  are  walking  on 
the  deck  of  a  ship  that  is  traveling  in  water 
that  is  moving. 


Standards  for  Measuring  Distance  and  Time 


You  have  seen  how  motion  can  be  de¬ 
scribed  and  analyzed  in  terms  of  distance 
and  time.  You  have  also  seen  how  this 


mathematical  analysis  makes  it  possible  to 
understand  motion  better,  and  to  work  with 
problem  situations  involving  motion.  But 
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what  of  the  measurements  of  distance  and 
of  time?  Are  the  measuring  instruments  ac¬ 
curate?  What  system  of  units  shall  be  used? 
What  shall  be  the  standards  for  comparison? 

1-4  The  mks  system  is  used  by  scien¬ 
tists.  You  are  accustomed  to  measuring 
length  or  distance  in  units  such  as  inches, 
feet,  yards,  or  miles,  and  measuring  time 
in  units  of  seconds,  minutes,  hours,  days, 
and  years.  When  you  use  a  foot-rule  or  a 
tape-line,  you  assume  that  it  agrees  with 
other  such  length-measuring  instruments. 
However,  when  you  use  a  watch  to  measure 
time,  you  may  question  whether  or  not 
the  time-measuring  instrument  is  actually 
“right.” 

Scientists  and  many  other  people  have 
a  great  need  for  a  standardized  system  of 
measurements,  so  that  the  data  of  one  per¬ 
son  can  be  interpreted  and  used  by  another. 
As  you  might  expect,  it  has  been  the  scien¬ 
tists  who  have  been  most  active  and  most 
careful  in  setting  up  standards  of  measure¬ 
ment.  Indeed,  the  measures  in  common  use 
—  feet  and  inches,  hours  and  minutes, 
pounds  and  ounces  —  have  their  legal 
status  rooted  in  the  physicists’  standards  of 
measurement. 

The  scientists’  system  of  measurement  is 
identified  by  the  initial  letters  of  three  of 
its  units:  the  meter,  the  kilogram,  and  the 
second.  It  is  called  the  mks  system  .  The 
meter  (m)  and  the  kilogram  (kg)  come 
from  the  metric  system.  They  are  the  fun¬ 
damental  units  of  length  and  mass,  respec¬ 
tively.  The  unit  called  the  second  (sec), 
however,  comes  from  the  time-measuring 
system  used  in  ancient  Babylonia  at  least 
4,000  years  ago. 

1-5  The  meter  is  the  official  Canadian 
standard  of  length.  Although  the  yard  as  a 
unit  of  length  is  more  familiar  to  most  Cana¬ 


dians  than  the  meter,  it  is  the  meter,  not  the 
yard,  which  is  the  official  standard  of  length 
in  this  country.  In  1959  the  standards  labora¬ 
tories  of  the  countries  of  the  British  Com¬ 
monwealth  and  the  United  States  agreed 
upon  this  definition  for  the  yard. 

1  international  yd.  =  0.9144  m  exactly 

Because  other  common  units  of  length 
are  multiples  or  fractions  of  a  yard,  this 
equation  is  the  basis  of  definitions  of  these 
units. 

1  mi  =  1,760  yd  =  1,609  m 
1  ft  =  ^  yd  =  0.3048  m  exactly 
1  in  =  -^  yd  =  0.0254  m  exactly 

At  first  the  meter  was  defined  as  1/10,000,- 
000  of  the  distance  from  the  North  Pole  to 
the  equator  at  the  prime  meridian  (zero 
degrees  longitude).  Here  was  a  standard 
which  could  not  be  destroyed,  barring  the 
destruction  of  the  earth  itself.  Here,  sci¬ 
entists  believed,  was  a  standard  which 
would  never  change. 

A  new  geographic  survey  was  under¬ 
taken  to  determine  the  exact  length  of  the 
chosen  distance.  Then  a  platinum  bar  was 
made  with  the  greatest  accuracy  possible 
at  the  time.  Platinum  was  chosen  because 
it  is  extremely  resistant  to  corrosion.  This 
bar  was  presented  to  the  French  govern¬ 
ment  in  1799  to  serve  as  a  standard  for  the 
construction  of  other  meter  sticks.  It  was 
the  standard  meter  for  most  of  the  nine¬ 
teenth  century. 

Toward  the  end  of  that  century,  many 
scientists  recognized  the  need  for  an  inter¬ 
national  standard  of  length.  An  inter¬ 
national  bureau  was  established  and  pre¬ 
pared  a  new  standard.  It  is  made  of  plati¬ 
num  and  iridium,  which  is  less  sensitive  to 
temperature  changes  than  platinum.  The 


Figure  1—  5a.  A  copy  of  the  international  prototype  meter. 
Also  shown  is  the  international  prototype  kilogram. 


standard  meter  is  called  the  international 
prototype  meter  and'  is  kept  on  interna¬ 
tional  territory  in  Sevres,  a  suburb  of  Paris. 
Copies  were  distributed  among  the  cooper¬ 
ating  nations  Fig.  l-5a. 

About  the  time  the  platinum-iridium 
meter  bars  were  cast,  Albert  Michelson,  an 
American  physicist,  showed  that  a  stand¬ 
ard  of  length  could  be  defined  in  terms  of 
the  unvarying  wavelength  of  a  specific 
color  of  light.  In  1960  the  meter  was  defined 
as  1,650,763.73  wavelengths  of  the  orange- 
red  light  given  out  when  the  gas  krypton  86 
is  energized  under  specified  conditions  as 
shown  in  Fig.  l-5b. 


Figure  l-5b.  Today  the  length 
of  the  meter  is  based  on  the 
wavelength  of  light  from  this 
krypton  lamp. 

This  standard  meter  is  both  permanent 
and  practical.  With  it  measurements  can 
be  made  which  are  accurate  to  the  hun¬ 
dred-millionth  of  a  meter  (10-8  m). 

Table  1-1  shows  the  relations  between 
various  units  of  length  in  the  mks  system. 
Notice  the  meanings  of  the  prefixes:  kilo- 
means  a  thousand  times;  centi-  means  one 
one-hundredth;  milli-  means  one  one- 
thousandth. 

1-6  The  second  is  the  mks  standard  of 
time.  Thousands  of  years  ago,  the  wise  men 
of  early  Babylonia  devised  a  way  to  meas¬ 
ure  the  passage  of  a  day.  A  pole  was 


Table  1-1  UNITS  OF 

Length  in  meters 


1,000.  103 

1.  10° 

0.01  10-2 

0.001  1 0-3 

0.000  001  10'6 

0.000  000  001  1 0-9 


0.000  000  000  1  1 0~10 


LENGTH  IN  THE  MKS  SYSTEM 

Name  and  abbreviation 

kilometer  (km) 

meter  (m) 

centimeter  (cm) 

millimeter  (mm) 

micron  (/ x ,  pronounced  mu) 

millimicron  (m/x) 

angstrom  (A) 
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erected  in  the  center  of  a  circle.  When  the 
shadow  of  the  pole  was  shortest  —  that  is, 
at  noon  —  a  radius  was  drawn  along  the 
shadow  line.  Then,  beginning  at  the  point 
where  the  radius  met  the  circumference, 
the  circle  was  marked  off  into  6  equal  arcs 
(a  construction  familiar  to  everyone  who 
has  ever  handled  compasses).  Next  each 
arc  was  bisected,  and  finally  each  of  the 
smaller  arcs  was  also  bisected.  When  a 
number  was  assigned  to  each  of  the  24  arcs, 
it  became  a  simple  matter  to  describe  the 
position  of  the  pole’s  shadow  at  various 
times.  Thus,  it  came  about  that  the  day 
was  divided  into  24  equal  intervals,  a  divi¬ 
sion  which  has  been  used  ever  since. 

The  earth’s  rotation,  then,  provides  the 
standard  of  time.  A  solar  day  is  the  time 
interval  from  one  high  noon  to  the  next. 
Since  there  are  24  hours  in  a  day,  60  min¬ 
utes  in  an  hour,  and  60  seconds  in  a  minute, 
the  second  was  defined  as  1/86,400  of  a 
solar  day. 

Even  so  reliable  a  definition  as  this,  how¬ 
ever,  presents  difficulties.  Not  all  the  days 
of  the  year  are  the  same  —  they  vary 
throughout  the  year  by  as  much  as  seven 
minutes.  The  earth  is  actually  slowing 
down  in  its  rotation  —  by  an  amazingly 
small  but  definitely  measurable  fraction  of 
a  second  each  year.  Because  of  this,  it  was 
agreed  that  the  second  should  be  estab¬ 
lished  not  in  terms  of  a  solar  day,  but  in 
terms  of  a  solar  year.  So,  as  of  now,  the 
second  is  defined  as  1/31,556,925.9747  of 
the  solar  year  1900. 

On  p.  19  you  learned  that  the  behavior  of 
the  atom  is  so  reliable  that  it  can  be  used  as 
a  standard  for  length.  Perhaps  you  are 
wondering  if  this  could  not  be  true  for 
time,  also.  There  have  been  many  experi¬ 
ments  with  this  possibility  —  with  a  kind 
of  device  commonly  called  an  atomic  clock. 
This  possibility  has  also  been  considered 
by  the  General  Conference  on  Weights  and 
Measures,  the  group  of  scientists  which 
establishes  worldwide  standards  for  meas¬ 


urements.  So,  it  may  be  that  some  future 
edition  of  this  textbook  will  tell  of  the  re¬ 
definition  of  the  second  —  not  in  terms  of 
the  solar  year,  but  in  terms  of  the  move¬ 
ments  of  subatomic  particles! 

1-7  Measurement  systems  are  inter¬ 
changeable.  Any  measurement  made  or 
expressed  in  one  system  of  units  can  readily 
be  converted  to  another  system.  The  pre¬ 
ferred  way  of  carrying  out  such  conversions 
is  as  follows: 

( 1 )  Express  the  relationship  between 
the  units  as  a  ratio  equal  to  1.  Thus, 
the  relationship  between  the  meter 
and  the  yard  is  written  like  this: 

3600  m  _  0.9144  m 
~~  3937  yd  _  1.0000  yd 

(2)  Think  of  the  measurement  as  the 
product  of  itself  and  1.  For  the  fac¬ 
tor  1,  substitute  the  ratio  of  the 
units.  Include  the  abbreviations,  as 
well  as  the  numerals. 

(3)  Carry  out  the  multiplication,  treat¬ 
ing  the  abbreviations  of  the  units  as 
you  would  treat  literal  numbers. 

See  Examples  3  and  4. 


EXAMPLE  3 

An  object  moves  a  distance  of  10,000  yd  in  100.0 
sec.  What  is  its  average  speed  in  meters  per  second? 

Given:  s  =  1 0,000  yd 

t  =  1  00.0  sec 

To  find:  Vav  in  m/sec 

0  7  ,.  10,000  yd 

solution:  vav  =  - 

1  00.0  sec 

10,000  yd 

=  — - —  X  1 

1  00.0  sec 

10,000  yd  0.9144  m 

=  — - —  X - 

100.0  sec  1.0000  yd 
=  91.44  m/sec,  Answer 
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EXAMPLE  4 


The  side  of  a  square  is  100.0  in  in  length.  How  is 
the  area  of  the  square  expressed  in  mks  units? 


Given: 
To  find: 
Solution: 


s  —  1  00.0  in 
A  in  m2 


S 


S 

A 


100.0  in 


100.0  in  X  1 

0.0254  m 


100.0  in  X 


1.000  in 


2.54  m 

(2.54  m)2 

6.452  m2,  Answer 


Self  Check 


1 .  Why  is  the  scientists’  system  of  measure¬ 
ment  called  the  mks  system? 

2.  What  is  the  international  definition  of  the 
yard? 

_  T  .  i  25.4mm 

3.  Interpret  this  ratio:  1  =  - 

1.00  in 


4.  Arrange  in  order  of  size,  from  the  smallest 
to  the  largest: 

centimeter  kilometer  meter  millimeter 

5.  Arrange  in  order  of  size,  from  the  smallest 
to  the  largest: 

angstrom  micron  millimicron  millimeter 

6.  What  makes  a  wavelength  of  light  a  satis¬ 
factory  basis  for  the  definition  of  the  meter? 

7.  What  is  a  solar  day? 

8.  Why  is  a  solar  day  not  a  good  standard  of 
time? 


Problems 


1.  Express  as  a  ratio  equal  to  1:  (a)  the 
relationship  between  meters  and  feet;  (b)  the 
relationship  between  meters  and  miles. 

2.  Convert  these  measurements  to  mks 
units:  (a)  120.5  yd  (to  the  nearest  tenth  of  a 
meter);  (b)  27.5ft/sec  (to  the  nearest  hun¬ 
dredth  of  a  meter  per  second);  (c)  1,001ft2 
(to  the  nearest  tenth  of  a  square  meter) . 

3.  Use  the  same  conversion  method  to 
change  60  mi/hr  to  ft/sec.  The  conversion 
takes  two  steps.  The  answer  is  useful.  Memo¬ 
rize  it. 


Accelerated  Motion 


1-8  Acceleration  is  the  rate  at  which 
velocity  changes  with  time.  Suppose  an 
automobile  is  moving  at  a  speed  of  40 
mi/hr.  Wishing  to  pass  a  car,  the  driver 
steps  on  the  gas  and,  in  10  sec,  increases 
the  magnitude  of  the  velocity  to  55  mi/hr. 
He  has  accelerated  the  car.  Acceleration 
(a),  as  the  physicist  uses  the  word,  is  the 
rate  at  which  the  velocity  changes  during 
a  certain  interval  of  time.  Expressed  in  an 
equation: 

change  in  velocity 

acceleration  =  - - ;  ; 

time  interval 


In  the  case  just  given,  the  change  in 
velocity  is  55  mi/hr  —  40  mi/hr,  or  15 
mi/hr.  The  time  interval  is  10  sec.  There¬ 
fore 

15  mi /hr 

a  =  - - 

1  0  sec 

1 .5  mi/hr 
sec 

Thus  acceleration  =  1.5  mi/hr  per  sec. 
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If  you  wish  to  express  the  answer  in  feet 
and  seconds,  without  miles  being  involved, 
you  can  go  back  to  the  first  line  of  the  solu¬ 
tion  and  convert  15  mi/hr  to  ft/ sec,  using 
the  relationship  found  in  Problem  3,  p.  9. 

60  mi/hr  =  88  ft/sec 
Therefore  15  mi/hr  =  22  ft/ sec  and 

15  mi/hr  22  ft/sec  2.2  ft/sec 
1 0  sec  1 0  sec  sec 

Thus,  acceleration  =  2.2  ft/sec  per  sec. 
During  each  second,  the  car  increases  its 
velocity  by  2.2  ft/ sec. 

By  treating  the  units  as  algebraic  sym¬ 
bols,  physicists  have  developed  a  shorter 
way  of  writing  “ft/sec  per  sec”: 

ft  1 

ft  sec  ~  sec  =  —  X  - — 
sec  sec 

ft  X  1  _  Jt 

sec  X  sec  sec2 

This  expression  is  sometimes  read  “feet  per 
second  squared,”  but  it  always  means  “feet 
per  second  per  second.” 

The  value  2.2ft/sec2  and  the  equivalent 
value  1.5  mi/hr  per  sec  are  average  acceler¬ 
ations.  The  car  may  very  well  have  acceler¬ 
ated  unevenly.  In  solving  problems  in  this 
book,  you  will  assume  that  the  acceleration 
is  uniform  or  constant. 

In  equation  form,  the  average  accelera¬ 
tion  is: 


V2  —  t’l 


where  and  v2  are  the  initial  and  final 
velocities;  and  t1  and  t2  are  the  initial  and 
final  times.  If  is  0,  the  equation  becomes: 

v2  -  v1 

a  =  - 

t 

Scientists  often  abbreviate  the  equation: 

Av 


1-9  Acceleration  is  a  vector  quantity. 

Acceleration  has  direction  as  well  as  mag¬ 
nitude.  When  a  car  speeds  up  while  travel¬ 
ing  in  a  straight  line,  the  direction  of  the 
acceleration  is  the  same  as  that  of  the  dis¬ 
placement  of  the  car.  When  a  car  slows 
down,  the  direction  of  the  acceleration  is 
opposite  to  that  of  the  displacement.  Ac¬ 
celeration  in  the  same  direction  as  the  dis¬ 
placement  is  called  positive  acceleration. 
Acceleration  in  a  direction  opposite  to  the 
displacement  is  called  negative  acceleration 
and  is  indicated  by  a  minus  sign  as  shown 
in  Example  5  below. 


EXAMPLE  5 

A  car  traveling  at  60  mi/hr  slows  down  to  30  mi/hr 
in  1  5  sec.  Find  the  acceleration  in  ft/sec2. 

Given:  V\  =  60  mi/hr  =  88  ft/sec 

v2  =  30  mi/hr  =  44  ft/sec 
t  =  15  sec 

To  find:  a 

v2  -  vx 

a  =  - 

t 

44  ft/sec  —  88  ft/sec 
1  5  sec 
—  44  ft/sec 
1  5  sec 

=  —2.9  ft/sec2,  Answer 


What  causes  an  object  to  accelerate?  If 
you  wish  to  increase  the  speed  of  a  ball 
rolling  along  the  floor,  you  give  it  a  push  in 
the  direction  in  which  it  is  moving.  This 
push,  or  force,  gives  the  ball  a  positive 
acceleration  (Fig.  l-6a).  If  you  wish  to 
slow  the  ball,  you  push  against  its  motion, 
giving  it  a  negative  acceleration  (Fig. 
l-6b ) . 

Notice  that  in  each  case  the  force  and 
the  acceleration  are  in  the  same  direction. 


MOTION  AND  MEASUREMENT 


11 


a.  The  bo!i  has  been  pushed  by  F  in 
f  \  the  direction  shown.  It  goes  faster. 

The  velocity,  force,  and  accelera¬ 
tion  are  all  in  the  same  direction. 


b.  A  force  directed  against  the  motion 
of  the  ball  is  slowing  it.  The  ac¬ 
celeration  is  in  the  direction  of  the 
force  and  opposite  to  the  direction 
of  the  velocity. 


c.  To  turn  the  ball,  there  must  be  a  force  at  right 
angles  to  the  motion.  The  acceleration  is  in  the 
direction  of  the  force  and  therefore  is  perpen¬ 
dicular  to  the  velocity. 


Figure  1-6  The  relation  of  acceleration  to  force  and  velocity. 


The  change  in  velocity  that  results  is  a 
change  in  magnitude  only,  that  is,  a  change 
in  speed.  But  change  in  velocity  is  not 
necessarily  change  in  magnitude.  It  may  be 
change  in  direction  only,  as  in  turning  a 
car  without  slowing  down.  If  you  change 
the  direction  of  a  rolling  ball  without 
changing  its  speed,  you  must  give  it  a  push 
at  right  angles  to  the  motion,  as  shown  in 
Fig.  l-6c.  Here  again,  the  acceleration  is 
in  the  direction  of  the  force  and,  as  you 
can  see,  it  is  perpendicular  to  the  velocity. 

When  an  automobile  makes  a  turn,  it 


moves  in  a  curved  path.  The  acceleration 
of  the  car  can  be  found  if  the  radius  of  the 
curve  and  the  magnitude  of  the  velocity 
are  known.  Physicists  have  derived  the  fol¬ 
lowing  equation,  which  is  very  important  in 
analyzing  circular  motion. 

v2 

a  =  — 
r 

In  this  equation,  a  is  the  magnitude  of  the 
acceleration  and  r  is  the  radius  of  the  circle. 
The  direction  of  the  acceleration  is  per¬ 
pendicular  to  the  direction  of  the  velocity. 
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1-10  Falling  objects  are  uniformly  ac¬ 
celerated.  Which  will  fall  faster,  a  light 
object  or  a  heavy  one?  If  you  stand  on  a 
chair  and  drop  a  sheet  of  paper  and  a  metal 
ball  at  the  same  time,  the  ball  falls  rapidly 
to  the  floor,  while  the  paper  flutters  down 
more  slowly.  However,  if  you  now  crumple 
up  the  paper  into  as  tight  a  wad  as  possible, 
you  will  find  on  repeating  the  experiment 
that  the  paper  and  the  ball  reach  the  floor 
at  almost  the  same  time. 

The  only  difference  in  these  two  cases  is 
that  the  paper  when  wadded  into  a  ball 
presents  a  smaller  surface  for  air  resistance. 
What,  then,  would  happen  if  there  were  no 
air  to  slow  the  falling  paper?  Figure  1-7 
shows  some  apparatus  designed  to  test  this. 
The  conclusion  is  that  when  the  air  resist¬ 
ance  is  negligible,  all  bodies  fall  at  the  same 
rate. 

This  conclusion,  which  seems  contrary  to 
everyday  experience,  was  reached  by  Gali- 

Figure  1—7  Each  tube  contains  a  coin  and  a 
feather.  The  left  tube  contains  air.  The  right 
tube  has  had  most  of  the  air  pumped  out. 
Each  tube  is  suddenly  inverted  so  that  the 
coin  and  feather  start  to  fall  at  the  same  time. 
This  is  evidence  that,  in  the  absence  of  air 
resistance,  light  and  heavy  objects  fall  at  the 
same  rate. 


leo,  although  he  was  unable  to  create  a 
vacuum  for  testing  it  (see  p.  25).  What 
Galileo  found,  using  heavy  objects  like 
gold,  lead,  and  copper,  was  that  it  did  not 
make  any  difference  that  one  object 
weighed  2  lb  and  another  weighed  20  lb. 
If  they  started  out  at  the  same  time,  they 
hit  the  ground  together.  The  air  resistance 
for  short  drops  and  dense  objects  of  metal 
or  stone  is  not  great  enough  to  be  impor¬ 
tant.  In  fact,  a  study  of  falling  bombs  has 
shown  that  they  must  drop  nearly  600  ft  be¬ 
fore  air  resistance  begins  to  influence  them 
significantly. 

This  does  not  mean  that  bodies  fall  with 
uniform  velocity.  They  speed  up  as  they 
go.  Careful  measurements  have  shown  that 
they  are  accelerated  at  a  constant  rate.  The 
acceleration  of  gravity,  as  it  is  called,  is  ap¬ 
proximately  32  ft/sec2  or  9.8  m/sec2.  It  var¬ 
ies  slightly  over  the  surface  of  the  earth, 
being  greatest  at  the  poles.  This  accelera¬ 
tion  has  the  special  symbol  g.  When  a  test 
pilot  is  said  to  have  experienced  5  g’s,  what 
is  meant  is  that  he  was  accelerating  at  five 
times  the  acceleration  of  gravity,  or  160 
ft/sec2. 

The  acceleration  of  gravity,  like  all  ac¬ 
celerations,  is  a  vector  quantity.  Its  direc¬ 
tion  is  toward  the  center  of  the  earth.  Since 
it  is  customary  to  think  of  upward  vectors 
as  being  positive  and  downward  ones  as 
being  negative,  the  acceleration  of  gravity 
in  this  book  is  given  a  negative  sign: 

g  =  —32  ft/sec2  or  =  —9.8  m/sec2. 

1-11  Final  velocity  and  distance  are 
simply  calculated.  A  rocket  used  to  launch 
a  satellite  accelerates  at  60  m/ sec2.  It  starts 
from  rest  ( iq  =  0 )  and  burns  out  180  sec 
after  it  has  started. 

Assuming  the  acceleration  is  uniform,  the 
final  velocity  ( v2 )  of  the  rocket  can  be 
found  from  the  equation  at  the  top  of  the 
next  page. 
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a 

60  m  sec2 


»2  ~  Vi 

t 

V2  ~  0 

1  80  sec 


60  m 

1  80  sec  X  - ^  =  v2 

sec 

v2  —  1 0,800  m  sec 

The  average  velocity  of  the  rocket  is  half 
the  sum  of  the  initial  and  final  velocities: 


V\  +  V  2 


0  +  1 0,800  m  sec 


=  5,400  m  sec 

The  displacement  of  the  rocket  can  be 
found  by  using  the  equation : 


VfLV 


t 


which  can  be  rewritten  as : 


s  vavt 

5,400  m 


X  1  80  sec 


sec 

=  972,000  m 


1-12  A  single  equation  will  determine 
displacement.  The  displacement  and  aver¬ 
age  velocity  equations  can  be  combined  to 
give  a  single  equation  for  displacement  s. 

S  Vavt 

I’av  =  HV1  +  v2) 


Therefore: 

S  =  ^[V\  +  V2)t 


This  can  be  solved  for  v2: 

v2  =  Vi  -f  at 


Substitute  this  value  of  v2  in  the  equation 
for  s : 

s  =  -jb'i  +  V\  +  at)t 
=  ^(2vi  +  at)t 
=  V\t  +  %at2 

See  Example  6  below  and  Example  7  on  the 
next  page  for  problems  in  which  these 
equations  are  used. 


EXAMPLE  6 


A  ball  is  dropped  from  a  window  64  ft  above  the 
ground.  How  long  will  it  take  to  drop  and  how  fast 
will  it  be  going  when  it  lands? 


Given:  tq  =  0 

a  —  g  =  —32  ft/sec2 
S  =  —  64  ft  (measured  down 
from  window  toward  the 
ground) 

To  find:  t  and  v2 

Solution:  s  =  V\t  +  \at~ 

1  -32  ft  ■ 

—  64  ft  =  0  — |—  X - ^  X  t“ 

2  sec2 


t2 


sec“ 

-64  ft  X  sec2 
-16  ft 


=  4.0  sec2 
t  =  2.0  sec,  Answer 


t>2  =  T  at 

-32  ft 

v2  —  0  T  - z —  X  2.0  sec 

sec" 


=  —  64  ft/sec,  Answer 


The  equation  for  acceleration  is: 

v2  -  IT 


Note  that  the  minus  sign  in  the  answer  indicates 
downward  velocity. 
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EXAMPLE  7 

A  stone  is  thrown  vertically  downward  from  a  high 
cliff  with  an  initial  velocity  of  10  ft/sec.  How  fast 
will  it  be  going  at  the  end  of  5.0  sec  and  how  far 
will  it  go  between  the  5th  and  6th  sec? 

Given:  v\  =  —10  ft/sec 

a  =  g  =  —32  ft/sec2 
t  =  5.0  sec  and  6.0  sec 


1-13  The  velocity  and  acceleration  of 
projectiles  can  be  readily  found.  When  an 
object  is  thrown  upward,  the  initial  velocity 
is  positive  while  the  acceleration  of  gravity 
is  negative.  All  upward  vectors  are  labeled 
positive  and  downward  ones  negative.  For 
example,  suppose  that  a  ball  is  tossed  into 
the  air  with  an  initial  upward  velocity  of 
64  ft/sec.  How  high  is  it  at  the  end  of  1.0 
sec?  In  this  case,  is  64  ft/sec,  while  a  is 
—32  ft/sec2. 


To  find:  v2  at  5.0  sec 

S  between  t  =  5.0  sec  and 
t  =  6.0  sec 


Solution:  v2  —  V\  +  at 


v2  = 


-10  ft  -32  ft 

O 

sec  sec 


X  5.0  sec 


-  1  0  ft  -  1  60  ft 
sec  sec 


s  =  V\t  +  \at2 

64  ft 

=  -  X  1 .0  sec  + 

sec 


X  1 .0  sec2 


=  64  ft  -  1  6  ft 
=  48  ft 


=  —  1  70  ft/sec,  Answer 

s  =  Vlt  i at 2  To  vel°city  at  end  of  1-0  sec: 


When  t  =  5.0  sec: 

-10  ft 

S5  =  -  X  5.0  sec  + 

sec 

1  /  — 32  ft\ 

2\  sec2  / 

=  -50  ft  +  (-400  ft) 

=  -450  ft 


X  25  sec2 


v2  =  Vi  at 


64  ft 
sec 
64  ft 


+ 


/  — 32  ft\ 
\  sec2  / 
32  ft 


X  1 .0  sec 


sec  sec 
=  32  ft  sec 


When  t  =  6.0  sec: 


S(i 


— 10  ft 

If  you  repeat  this  calculation  for  each  whole 

so  =  -  X 

sec 

6.0  sec  + 

value  of  t,  you 

get  the  following  results: 

1  /  —  32  ft\  2 

-( - )  X  36  sec2 

2\  sec2  / 

t  (sec) 

s  (ft) 

v  (ft/sec) 

=  -60  ft  + 

(-576  ft) 

0 

0 

64 

=  -636  ft 

32 

1.0 

48 

S5  =  —  636  ft  - 

-  (-450  ft) 

2.0 

64 

0 

=  -  1  86  ft 

=  —  1  90  ft  (rounded  to  2  digits), 

3.0 

48 

-32 

Answer 

4.0 

0 

-64 

5.0 

-80 

-96 

MOTION  AND  MEASUREMENT 
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0  12  3  4  5 


time  in  seconds 


Figure  1—8  This  graph  shows  the  variation  in 
displacement  from  the  point  of  origin  as  the 
time  changes  when  a  ball  is  thrown  upwards 
with  an  initial  velocity  of  64  ft/sec. 


Figure  1-8  is  a  graph  showing  the 
changes  in  s  as  t  increases.  This  clarifies 
the  meaning  of  s  in  the  equation.  It  is  not 
the  total  distance  traveled  by  the  ball,  but 
its  displacement  from  the  point  of  origin. 
At  the  end  of  2.0  sec,  the  ball  has  reached  its 
highest  point,  64  ft  in  the  air.  The  velocity 
has  been  decreasing  and  the  table  shows 
that  now  it  is  zero.  At  3.0  sec  the  ball  has 
fallen  to  the  level  it  had  at  1.0  sec  and  its 
velocity  is  now  —32  ft/sec,  a  downward 
velocity  equal  in  magnitude  to  the  upward 
one  at  1.0  sec.  At  the  end  of  4.0  sec,  the  ball 
is  back  at  its  starting  point,  coming  down  at 
64  ft/sec,  a  velocity  equal  in  magnitude  to 
its  initial  upward  velocity.  If  there  were  a 
convenient  hole  in  the  ground  at  this  point, 
the  ball  could  fall  into  it  and  at  the  end  of 
5.0  sec  would  be  80  ft  down  in  the  hole, 
traveling  at  96  ft/sec.  Notice  the  symmetry 


of  this  situation.  It  takes  the  same  time  for 
the  ball  to  come  down  as  for  it  to  go  up,  and 
at  any  point  in  its  path  the  upward  velocity 
is  equal  in  magnitude  to  the  downward  ve¬ 
locity  as  it  passes  the  same  point.  Study 
Example  8  below. 


EXAMPLE  8 


A  ball  is  thrown  vertically  upward  with  a  velocity  of 
49  m/sec.  How  high  will  it  rise  and  how  long  will  it 
be  in  the  air? 

Given:  tq  =  49  m/sec  (upward) 

a  =  g  =  —9.8  m/sec2  (downward) 

To  find:  Maximum  s 

Time  to  go  up  and  back 

Analysis:  When  s  is  a  maximum,  v 2  =  0.  There¬ 
fore  V2  =  tq  +  at  should  give  the  time 
to  get  to  the  maximum  height.  Twice 
this  time  is  the  time  up  and  back. 
S  =  Vit  +  \at 2  will  give  the  height. 


Solution: 


v2  =  vi  +  at 

49  m 


0  = 


+ 


9.8  m 


t  = 


sec* 


t  = 


sec 
49  m 
sec 
49  m 


9.8  m' 
sec2  , 


X 


sec 


sec  9.8  m 
=  5.0  sec  to  go  up 

Therefore:  2 1  =  10.0  sec  to  go  up  and  back 

down,  Answer 

s  =  tqt  T  \aft 

49  m 


sec 


K 


X  5.0  sec  + 

X  25  sec2 


9.8  rri 


.2 


sec 

=  245  m  -  122  m 
=  123  m  =  120  m 

(rounded  to  2  digits),  Answer 
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1-14  Projectiles  have  parabolic  paths. 

If  a  ball  is  thrown  at  30  ft/ sec  horizontally 
from  a  high  building,  it  follows  a  curved 
path,  as  shown  in  Fig.  1-9.  This  curve  is 
the  result  of  two  independent  motions,  a 
horizontal  motion  at  a  steady  velocity  of 
30  ft/ see,  and  a  vertical  motion  that  starts 
with  a  velocity  of  zero  and  accelerates 
at  the  same  rate  as  a  ball  dropped  from 
the  same  point  at  the  same  time.  The  in¬ 
dependence  of  these  two  motions  is  shown 
in  Fig.  1-10,  an  actual  photograph  of  a 
dropped  and  a  projected  ball. 

Figure  1-9  The  ball  at  the  left  is  dropped  at 
the  same  instant  that  the  ball  at  the  rjght  is 
thrown  with  a  horizontal  velocity  of  30  ft/sec. 

At  the  end  of  1  sec,  both  balls  have  dropped 
16  ft,  but  the  one  at  the  right  has  traveled 
30  ft  to  the  right.  At  the  end  of  2  sec,  both 
have  dropped  64  ft,  and  the  one  at  the  right 
is  60  ft  out.  At  3  and  4  sec,  both  balls  have 
dropped  equal  distances,  and  the  ball  that 
was  thrown  has  traveled  a  horizontal  distance 
of  30ft/sec  X  the  time.  A  ball  that  has  a 
horizontal  velocity  keeps  a  steady  horizontal 
rate  that  is  independent  of  its  vertical  motion. 
The  trajectory,  or  shape  of  its  path,  is  a 
parabola. 


16ft 


Figure  1-10  This  stroboscopic  photo  shows 
that  a  ball  which  is  projected  horizontally  falls 
at  the  same  rate  as  a  ball  which  is  dropped. 

The  independent  horizontal  and  vertical 
motions  combine  to  produce  a  curved  path, 
which  is  called  the  trajectory  of  the  projec¬ 
tile.  The  shape  of  the  curve  is  a  parabola 
See  Fig.  1-11  on  p.  17. 

To  solve  a  problem  about  a  projectile, 
separate  the  horizontal  and  the  vertical 
parts  of  the  problem  and  then  calculate 
them  individually,  as  shown  in  Example  9. 

At  high  speeds,  air  resistance  influences 
the  motion  of  a  projectile  measurably. 
However,  as  noted  on  p.  12,  air  resistance  is 
negligible  for  a  heavy  object  falling  600  ft 
or  less.  Problems  4,  5,  and  6  on  p.  30  and 
Discussion  Question  6  on  p.  25  illustrate  the 
effect  of  air  resistance  on  a  longer  fall.  In 
solving  other  problems,  assume  that  air  re¬ 
sistance  is  negligible. 


y 


EXAMPLE  9 

A  gun  held  horizontally  is  fired  at  a  target  1000  ft 
away.  If  the  bullet  has  a  muzzle  velocity  of  2500 
ft/sec,  how  far  will  the  bullet  drop  as  it  travels  to 
the  target? 

Given:  Horizontal  problem  Vertical  problem 

s  -  1 000  ft  a  =  g 

v  =  2500  ft/sec  =  -32  ft/sec2 

Vi  —  0 

To  find:  S  (for  vertical  problem) 

Analysis:  The  purpose  is  to  find  s  in  the  vertical 
problem.  If  you  knew  t,  you  could  solve 
the  problem  by  using  s  =  v±t  +  \at2. 
You  can  use  the  horizontal  problem  to 
find  t.  Here  there  is  no  acceleration,  so 
V  =  s/t.  From  this  you  can  find  t. 

Solution:  Horizontal  problem: 

S 

v  =  - 
t 

vt  —  s 

s  1000  ft  1000  ft  sec 

t  =  -  =  -  =  — - -  X  — 

v  ft  2500  ft 

2500  — 

sec 

=  0.40  sec 

Vertical  problem: 

s  =  vd  + 

=  0  +  -  X  ~  32/f  X  (0.40  sec)2 
2  sec“ 

-32  ft  X  0.16  sec2 

2  X  sec2 


A  parabola  is  the  curve  ob-  The  graph  of  y  =  x2  is  a 

tained  when  a  cone  is  sliced  parabola, 

parallel  to  one  of  its  sides. 


A 


A  curve  drawn  so  that  every 
point  P  on  it  is  equally  distant 
from  a  focus  F,  and  a  line 
.45  is  a  parabola.  Here 
every  PF  value  equals  the  cor¬ 
responding  PQ  value. 


The  path  of  a  projectile  is  a 
part  of  a  parabola.  When¬ 
ever  a  body  is  moving  so  that 
it  is  uniformly  accelerated  in 
one  direction  (downward  here) 
and  moves  with  uniform  veloc¬ 
ity  in  a  direction  perpendicular 
to  the  accelerated  one  (hori¬ 
zontal  here)  its  path  will  be  a 
parabola. 


-  —  2.6  ft.  Answer 


Figure  1-11  What  is  a  parabola? 


Summary  of  formulas  relating  to  uniformly  accelerated  motion 


a 


V2  ~  Vi, 

^  which  is  the  same  as 


v2  =  V\  +  at 


S  Vavt 

»2  +  V\ 

Vav  —  ^ 

s  =  v\t  +  %at2 
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Self  Check 


i. 


3 

4. 

5. 


6. 

7 

8. 

9. 

10. 

11. 


An  object  traveling  west  at  lOft/sec 
speeds  up  without  changing  direction  to 
20  ft/sec  in  2.0  sec.  What  is  the  accelera¬ 
tion? 

An  object  traveling  west  at  20  ft/ sec  slows 
down  to  10  ft/sec  in  2.0  seconds  without 
changing  direction.  What  is  the  accelera¬ 
tion? 

An  object  traveling  at  lOft/sec  moves 
along  a  curved  path  without  changing 
speed.  In  what  direction  is  the  accelera¬ 
tion? 

What  is  the  acceleration  of  gravity  in  met¬ 
ric  and  English  units? 

If  you  dropped  a  sheet  of  newspaper  and  a 
copper  pellet  having  the  same  weight  as 
the  newspaper  from  a  window  at  the  same 
time,  which  would  you  expect  to  reach  the 
ground  first?  Why? 

Who  made  the  first  scientific  study  of  the 
behavior  of  falling  objects? 

What  conclusion  did  he  reach  that  could 
not  be  accurately  checked  until  modern 
times? 

A  ball  is  dropped  from  a  high  cliff.  How 
far  does  it  fall  in  2.0  sec? 

A  bullet  is  fired  directly  up  with  a  speed 
of  500  m/ sec.  What  value  of  g  would  you 
use  in  solving  a  problem  about  the  bullet? 
What  equation  would  you  use  to  find  the 
position  of  the  bullet  at  the  end  of  6  sec? 
What  is  the  shape  of  the  path  of  a  pro¬ 
jectile? 


Problems 


1 .  A  car  starts  from  rest  and  accelerates 
m  a  straight  line  to  60  mi/hr  in  exactly  one 
minute.  What  is  its  acceleration  in  mi/hr  per 
sec  and  in  ft/ sec2? 

2.  A  boy  on  a  bicycle  travels  in  a  straight 
line  and  slows  down  from  30  ft/sec  to  10  ft/sec 
in  5.0  sec.  What  is  his  acceleration? 


3.  A  plane  traveling  at  200  mi/hr  ac¬ 
celerates  at  the  rate  of  5.0  mi/hr  per  sec-  for 
1.0  min.  What  is  its  final  speed? 

4.  An  officer  of  the  U.S.  Aerospace  Medi¬ 
cal  Laboratory  jumped  from  a  ballon  76,400  ft. 
high  and  fell  without  a  parachute  for  2  min. 
58  sec.  He  was  travelling  at  140  mi/ hr  at  the 
time  that  his  parachute  opened.  What  was  his 
average  acceleration  in  mi/hr  per  sec  and  in 
ft/ sec2?  Why  is  this  value  not  equal  to  g? 

5.  If  he  had  been  falling  in  a  vacuum 
for  the  same  length  of  time,  how  far  would  he 
have  fallen? 

6.  In  a  vacuum,  how  long  would  it  have 
taken  the  man  in  Problem  4  to  reach  his  final 
speed  of  140  mi/hr? 

7)  A  stone  thrown  horizontally  from  the 
top  of  a  skyscraper  takes  8.64  sec  to  reach  the 
street.  How  high  is  the  building? 

A  stone  is  dropped  from  the  edge  of 
a  cliff  and  hits  the  ground  in  5.0  sec.  How 
high  is  the  cliff  and  what  is  the  velocity  of  the 
stone  when  it  hits  the  ground?  Use  metric 
units. 

9.  What  is  the  distance  traveled  by  the 
stone  of  Problem  8  between  the  3rd  and  4th 
sec? 

1 0.  What  is  the  average  velocity  of  the 
stone  of  Problem  8  between  the  3rd  and  4th 
sec? 

1 1 .  A  ball  is  thrown  vertically  up  from  a 
window  at  10  m/sec  and  hits  the  ground  in 
5.0  sec.  What  is  the  height  of  the  window? 

1 2.  A  ball  is  thrown  vertically  down  from 
a  window  at  10  m/sec  and  hits  the  ground  in 
5.0  sec.  What  is  the  height  of  the  window? 

13.  A  ball  is  thrown  horizontally  from  a 
window  at  10  m/sec  and  hits  the  ground  in 
5.0  sec.  What  is  the  height  of  the  window  and 
how  far  from  the  base  of  the  building  does 
the  ball  hit? 

^^14.  What  is  the  acceleration  of  a  car 
traveling  at  30  mi/hr  in  a  curve  with  a  radius 
of  100  ft? 

1  5.  Derive  an  equation  for  the  velocity  of 
an  accelerated  object  when  you  know  the  in¬ 
itial  velocity,  the  acceleration,  and  the  distance 
it  is  from  the  starting  point. 


19 


Measurement 


1-15  A  scientific  measurement  consists 
of  a  number  and  a  unit.  Understanding 
natural  things  involves  describing  them. 
The  more  accurate  the  description,  the  bet¬ 
ter  the  understanding.  An  accurate  de¬ 
scription  answers  such  questions  as:  How 
long?  How  fast?  How  loud?  In  other 
words,  it  is  quantitative.  Therefore  it  must 
make  use  of  mathematics. 

One  part  of  every  measurement  made  in 
physics  consists  of  a  number.  The  other 
part  is  the  name  of  the  unit  of  measure¬ 
ment,  usually  abbreviated.  Thus,  the  edge 
of  this  page  is  0.23  m  in  length;  that  is, 
twenty-three  hundredths  of  1  meter.  The 
measurement  is  not  complete  unless  both 
the  numerals  and  the  units  are  included. 


1-16  Scientific  notation  uses  expo¬ 
nents.  In  physics  you  frequently  work  with 
numbers  which  are  very  large  or  very  small. 
It  is  convenient  to  express  such  numbers  in 
powers  of  ten.  This  is  known  as  scientific 
notation.  For  example,  a  value  such  as  the 
speed  of  light,  300,000,000  m/sec,  can  be 
easily  expressed  as  3  X  108  m/sec.  An  ang¬ 
strom  unit,  which  is  0.000  000  000  1  m,  can 
be  expressed  as  10~10m. 

A  number  between  1  and  10  is  not  neces¬ 
sarily  an  integer:  2.9  is  just  as  truly  between 
1  and  10  as  3  is.  Therefore  to  express  the 
more  accurate  value  of  the  speed  of  light, 
299,800,000  meters  per  second,  the  number 
2.998  is  used  as  one  factor. 

299,800,000  m/sec 

-  2.998  X  1  00,000,000  m/sec 
speed  of  light  =  2.998  X  10sm/sec 


1-17  Every  measurement  is  an  approxi¬ 
mation.  To  say  that  a  dollar  bill  is  6.9  cm  in 
width  means  that  the  measurement  was 
closer  to  6.9  cm  than  it  was  to  6.8  cm  or  to 
7.0  cm.  Actually,  this  measurement  could 
be  made  with  a  scale  whose  closest  mark¬ 
ings  were  centimeter  marks  —  a  scale  with 
no  divisions  between  those  for  centimeters. 
The  reason  that  this  is  possible  is  that  it  is 
completely  practical  to  estimate  to  the  near¬ 
est  tenth  of  the  smallest  division  of  the  scale 
you  are  using.  Perhaps  you  cannot  do  this 
very  precisely  now,  but  with  a  little  prac¬ 
tice  you  will  be  able  to  do  it  very  well. 
When  a  measuring  instrument  is  marked  in 
tenths  of  a  centimeter  (as  most  centimeter 
scales  are),  a  length  measured  with  it 
should  be  read  and  recorded  to  the  nearest 
hundredth  of  a  centimeter. 

Suppose  the  width  of  a  dollar  bill  seems  to 
come  exactly  at  the  6.9  cm  mark  on  such  a 
scale.  Then  you  would  report  the  measure¬ 
ment  as  6.90  cm.  To  do  so  is  to  state  that  you 
have  used  a  scale  marked  in  tenths  of  a 
centimeter,  and  that  you  believe  the  measure 
of  the  edge  to  be  closer  to  6.90  cm  than  to 
6.89  cm  or  to  6.91  cm. 

1-18  Percent  of  error  can  be  deter¬ 
mined.  No  matter  how  close  the  markings 
on  a  scale  may  be  to  each  other,  there  is  a 
limit  of  preciseness  beyond  which  you  can¬ 
not  go.  Every  measurement  on  any  scale 
leaves  something  to  be  desired.  These  dis¬ 
crepancies  are  not  mistakes  —  they  are  er¬ 
rors.  They  cannot  be  avoided. 

The  size  of  the  unavoidable  possible  error 
of  measurement  depends  on  the  scale  of  the 
measuring  instrument  used.  This  error  can 
be  expressed  as  a  percent. 
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An  error  of  0.05  cm  in  a  measurement  of 
6.9  cm  is  not  very  large  -  less  than  1  percent. 
An  error  of  0.05  cm  is  a  measurement  of  15.3 
cm  (the  length  of  a  dollar  bill)  is  even 
smaller. 


ent  from  the  others,  it  is  not  used  in  find¬ 
ing  the  average.  It  is  not  erased  from  the 
record,  but  a  note  is  made  that  the  figure 
has  been  rejected. 


0.05  cm 
6.9  cm 


0.7% 


0.05  cm 
1  5.3  cm 


0.3% 


1-19  Measurement  errors  must  be  min¬ 
imized.  Although  there  is  always  an  error 
of  measurement  which  cannot  be  avoided, 
there  are  also  sources  of  error  which  can  be 
reduced  or  eliminated.  One  source  of  error 
in  every  measurement  is  the  instrument 
used. 

For  example,  some  centimeter  scales  are 
more  accurately  made  than  others.  A  steel 
or  ivory  scale,  with  divisions  marked  by  fine 
scratches,  is  a  better  instrument  than  a 
wood  or  celluloid  scale  with  divisions 
marked  by  ink  or  paint. 

Even  the  best  of  instruments  may  be¬ 
come  worn  with  use.  Even  the  best  of  in¬ 
struments  is  affected  by  conditions  which 
are  hard  to  control,  such  as  temperature 
changes. 

To  reduce  the  size  of  errors  due  to  meas¬ 
uring  instruments,  physicists  repeat  their 
observations  whenever  possible.  It  is  com¬ 
mon  to  make  several  measurements  of  a 
single  length,  starting  at  a  different  point 
on  the  scale  each  time.  The  average  of 
these  measurements  —  the  mean  value  —  is 
a  more  reliable  figure  for  the  true  value 
than  any  one  observation. 

Another  reason  for  taking  several  meas¬ 
urements  is  that  the  length  being  measured 
might  be  different  when  measured  in  differ¬ 
ent  directions.  For  example,  a  broomstick 
might  have  various  diameters  depending  on 
the  direction  in  which  it  is  measured. 

Physicists  have  another  reason  for  repeat¬ 
ing  their  observations:  to  identify  their  own 
errors.  Everyone  makes  occasional  mistakes 
in  measuring.  Accordingly,  no  one  should 
assume  that  his  measurements  are  always 
correct.  If  one  measurement  is  far  differ¬ 


1-20  Significant  digits  express  the  de¬ 
gree  of  accuracy  of  measurements.  A  meas¬ 
urement  of  6.9  cm  is  said  to  be  expressed 
with  two-digit  accuracy.  There  are  two 
digits  in  the  number.  The  first  digit  is  cer¬ 
tainly  correct  and  the  latter  is  based  on  a 
reasonably  sure  estimate.  The  values  of 
6.87  cm  and  15.3  cm  are  expressed  with 
three-digit  accuracy,  while  the  value  of  15.30 
cm  is  expressed  with  four-digit  accuracy. 

The  decimal  points  in  these  values  have 
nothing  to  do  with  the  accuracy.  The  accu¬ 
racy  is  conveyed  by  the  significant  digits 
which  are  the  results  of  measurement,  with 
the  last  digit  estimated.  There  are  three 
significant  digits  in  both  15.3  cm  and  153 
mm,  and  there  are  four  significant  digits  in 
both  15.30  cm  and  153.0  mm.  Notice  that 
these  zeros  are  significant. 

When  you  make  measurements,  record 
all  the  significant  digits,  including  the  sig¬ 
nificant  zeros.  Sometimes  you  will  also  have 
to  include  zeros  which  are  not  significant. 
For  instance,  to  report  a  measurement  of  6.9 
cm  in  meters,  you  would  write  0.069  m.  Here 
the  zeros  are  not  significant.  They  serve 
merely  to  locate  the  decimal  point. 

Some  numbers  are  exactly  correct.  For 
example,  if  there  are  38  students  in  your 
class,  this  is  an  exact  number.  The  number 
of  significant  digits  in  this  number  is  infi¬ 
nite,  for  it  would  be  correct  to  write  it 
38.000,  with  0’s  going  on  forever.  Another 
kind  of  exact  number  is  one  that  is  set  by  a 
definition.  For  example,  when  the  inter¬ 
national  definition  of  the  yard  is  given  as 
0.9144  m  exactly,  this  means  0.914400  .  .  .  .  , 
with  zeros  going  on  forever.  There  are  an 
infinite  number  of  significant  digits. 

Suppose  that  you  were  to  compute  the 
area  of  a  dollar  bill  from  dimensions  meas¬ 
ured  to  the  hundredths  of  a  centimeter; 
that  is,  15.30  cm  and  6.87  cm.  Because  one 
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of  these  measurements  was  made  with  only 
three-digit  accuracy,  there  can  be  no  more 
than  three  significant  digits  in  the  result. 

Area  =  1  5.30  cm  X  6.87  cm 
=  105.1  1  10  cm2 
=  1  05  cm2 

This  rule  applies  when  one  number  is  multi¬ 
plied  or  divided  by  another. 

When  you  are  adding  or  subtracting, 
however,  you  handle  the  significant  digits 
not  on  the  basis  of  how  many  there  are  alto¬ 
gether,  but  how  many  there  are  after  the 
decimal  point.  For  example,  here  are  the 
weights  of  five  pieces  of  metal:  4.8  g,  11.3  g, 
0.15  g,  16.417  g,  and  398  g.  The  key  figure 
is  the  last  item  in  the  list  —  it  has  no  sig¬ 
nificant  digits  beyond  the  decimal  point. 
Therefore,  all  the  figures  are  roanded  off  to 
the  nearest  ivhole  number  before  proceed¬ 
ing  with  addition. 


4.8  g  5  g 

11.3  11 

0.15  0 

16.417  16 

398.  398 


Total  430  g 

Take  another  look  at  the  rounded-off  sum 
in  the  last  paragraph.  It  was  430  grams, 
and  you  know  that  it  has  three  significant 
digits  because  you  saw  how  it  was  obtained. 
However,  if  you  report  a  measurement  as 
430  grams,  a  reader  may  not  know  whether 
there  are  three  significant  digits  or  only 
two,  with  the  0  being  there  merely  to  indi¬ 
cate  the  decimal  point.  In  such  cases,  you 
can  show  the  number  of  significant  digits 
clearly  by  using  scientific  notation.  The 
sum  then  becomes  4.30  X  102  grams.  It  is 
customary  in  scientific  notation  to  write 
only  one  digit  before  the  decimal  point. 


In  this  book,  if  you  see  a  whole  number 
that  ends  in  one  or  more  0’s,  you  are  to  as¬ 
sume  that  the  0’s  are  significant  digits  un¬ 
less  you  are  told  otherwise.  Thus  3000  m 
has  four  significant  digits.  If  it  had  only 
two,  it  would  be  written  3.0  X  10!  m. 

It  is  usually  simple  to  round  off  numbers 
to  the  nearest  designated  digit.  However, 
there  is  a  problem  when  a  number  like  4.85 
is  to  be  rounded  off  to  the  nearest  tenth.  It 
could  be  4.8  or  4.9.  The  usual  rule  for 
rounding  off  a  “5”  is  to  round  it  off  to  the 
nearest  even  number.  Thus,  4.85  would  be 
rounded  off  to  4.8,  and  4.55  would  be 
rounded  off  to  4.6. 


Self  Check 


1.  What  are  the  two  parts  of  every  measure¬ 
ment? 

2.  The  earth’s  circumference  is  40,000,000  m. 
If  you  assume  that  there  are  three  significant 
figures,  what  is  this  value  in  scientific  nota¬ 
tion? 

3.  A  sheet  of  paper  is  0.000,08  m  thick.  What 
is  this  thickness  in  scientific  notation? 

4.  The  distance  traveled  by  light  in  1  yr  is 

5.9  X  1012  mi.  This  distance  is  called  1 
light  year.  What  is  the  distance  in  miles  of 
a  group  of  stars  believed  to  be  140,000,000 
light  years  from  earth? 

5.  A  student  learning  to  use  a  vernier  caliper 
made  five  measurements  of  the  diameter  of 
a  worn  five-cent  piece,  and  recorded  these 
values:  2.11  cm,  2.14  cm,  2.13  cm,  2.31  cm, 

2.10  cm. 

(a)  How  many  significant  digits  are  there 
in  the  last  of  the  recorded  values? 

(b)  Should  any  of  the  values  be  rejected? 
If  so,  which? 

(c)  What  value  should  be  used  to  compute 
the  area  of  the  flat  surface  of  the  coin? 

6.  What  is  the  difference  in  meaning  between 
a  measurement  expressed  as  4.6  m  and  one 
expressed  as  4.60  m? 
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7.  Which  distance  can  be  measured  with  less 
error  using  a  high  quality  meter  stick,  one 
of  about  8  cm  or  one  of  about  80  cm? 

8.  What  are  two  advantages  of  making  impor¬ 
tant  measurements  several  separate  times? 


Problems 


1.  Write  in  scientific  notation  (assume 
that  the  0’s  are  not  significant  digits)  :  (a) 
radius  of  the  sun  =  700,000,000  m;  (b)  thick¬ 
ness  of  an  oil  film  =  0.000,000,005  m. 

2.  A  student  measures  the  acceleration 
of  gravity  and  reports  that  it  is  9.75  m/ sec1 2. 
What  is  his  percent  of  error,  assuming  that 
9.80  m/sec2  is  the  accurate  value?  Report  one 
significant  digit. 

3.  A  rectangle  is  measured  and  found  to 
be  24  cm  long  and  21  cm  wide.  What  is  its 
area?  Show  significant  digits  clearly. 

4.  What  is  the  sum  of  the  following: 
6.798  m;  0.29  m;  1.008  m;  0.03  m? 


5.  The  nautical  mile  is  6,076.103  ft,  cor¬ 
rect  to  the  nearest  thousandth  of  a  foot.  Using 
the  international  yard  (0.9144  m)  as  an  exact 
figure,  determine  the  number  of  kilometers  in 
a  nautical  mile  correct  to  three  significant 
digits.  To  how  many  significant  digits  could 
your  answer  be  carried? 

6.  The  equatorial  radius  of  the  earth  is 
6.378  X  16°  m.  What  is  the  length  of  the 
equator?  Use  a  value  of  pi  that  will  give  you 
the  maximum  number  of  significant  digits. 


Discussion  Questions 


1.  What  are  two  advantages  of  expressing  cer¬ 
tain  numbers  in  terms  of  powers  of  ten? 

2.  How  would  you  answer  a  person  who  argues 
that  exponents  are  silly  -  after  all,  raising 
a  number  to  the  two-thirds  power  is  as  ri¬ 
diculous  as  shooting  a  gun  two  thirds  of  a 
time? 


3.  It  has  been  stated  that  every  measurement 
is,  in  the  final  analysis,  an  approximation. 
Is  this  true  when  the  butcher  determines 
the  number  of  pounds  of  meat  on  the  scale? 
Is  it  true  when  the  grocer  determines  the 
number  of  eggs  in  a  carton?  Why? 

4.  What  is  the  difference  between  errors  and 
mistakes  in  making  measurements?  How 
can  errors  be  minimized?  How  can  mis¬ 
takes  be  minimized? 

5.  A  workman  uses  a  highly  precise  microm¬ 
eter  to  measure  the  diameter  of  a  piece  of 
wire.  For  six  measurements  he  gets  these 
figures:  1.52  mm,  1.50  mm,  1.49  mm,  1.30 
mm,  1.51  mm,  1.53  mm.  What  do  you  con¬ 
clude  about  the  accuracy  of  the  measure¬ 
ments?  about  the  shape  of  the  wire? 

6.  How  can  you  explain  the  fact  that  multiple 
measurements  of  a  given  dimension  can  pro¬ 
vide  a  mean  value  which  is  more  reliable 
than  any  single  one  of  the  individual  meas¬ 
urements? 


Chapter 

Summary 


Speed  is  the  rate  of  change  of  distance  per 
unit  time.  Velocity  is  speed  in  a  specified  di¬ 
rection.  Uniform  velocity  is  velocity  which 
does  not  change  in  magnitude  or  in  direction. 
Even  though  velocity  may  not  be  uniform,  it 
is  possible  to  compute  average  velocity  during 
a  specified  interval.  Vector  quantities  have 
both  magnitude  and  direction,  while  scalar 
quantities  have  magnitude  only.  Velocity  is  a 
vector  quantity;  speed  is  a  scalar  quantity. 
Vector  quantities  are  added  by  special  methods. 

Scientists  use  the  mks  system  of  measure¬ 
ments.  In  this  system,  the  meter  is  the  stand¬ 
ard  unit  of  length,  the  kilogram  is  the  standard 
unit  of  mass,  and  the  second  is  the  standard 
unit  of  time.  At  present,  the  meter  is  defined 
in  terms  of  the  wavelength  of  the  orange-red 
light  given  off  by  krypton  86.  The  meter  is  re¬ 
lated  decimally  to  larger  and  smaller  units  of 
length;  the  second  is  related  decimally  to 
smaller  units  of  time. 
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Acceleration  is  the  rate  at  which  velocity 
changes  with  time.  It  may  involve  either  a 
change  in  magnitude  or  a  change  in  direction 
or  both.  Acceleration  is  a  vector  quantity. 
Falling  bodies  are  uniformly  accelerated.  The 
acceleration  of  gravity  (g)  is  constant  in  any 
given  location.  Horizontal  and  vertical  move¬ 
ments  of  a  projectile  are  independent  of  each 
other.  The  trajectory  of  a  projectile  is  a  pa¬ 
rabola. 

A  measurement  consists  of  a  number  and  a 
unit  of  measurement.  Physics  involves  much 
mathematics.  Exponential  notation  is  com¬ 
monly  used  in  physics  calculations,  particularly 
for  very  large  and  very  small  numbers.  Quanti¬ 
ties  expressed  in  exponential  notation  can  be 
multiplied  or  divided  by  each  other  easily. 

Measurements  are  always  approximate,  and 
involve  unavoidable  errors  of  measurement. 
Errors  in  measurement  are  commonly  expressed 
in  terms  of  per  cent.  The  accuracy  of  a  meas¬ 
urement  or  a  computation  based  on  measure¬ 
ment  is  properly  expressed  by  the  number  of 
significant  digits  recorded.  The  result  of  a 
computation  is  no  more  accurate  than  the 
measurements  it  includes. 


Vocabulary 

You  should  be  able  to  define  the  following 
words  and  expressions.  The  number  refers  to 
the  page  on  which  the  word  is  first  introduced. 


velocity  (p.  2) 
vector  quantity 

(p.2) 

speed  (p.  2) 
scalar  quantity 

(p.2) 

displacement  (p.  2) 
uniform  velocity 

(p.2) 

average  velocity 
( P-2 ) 

delta  notation  (p.  2) 
resultant  (p.  3) 
vector  sum  (p.  4) 
mks  system  (p.  6) 
micron  (p.  7) 


millimicron  (p.  7) 
angstrom  (p.  7) 
solar  day  (p.  8) 
atomic  clock  (p.  8) 
acceleration  (p.  9) 
acceleration  of  gravity 
( P-12 ) 

projectile  (p.  16) 
trajectory  (p.  16) 
parabola  (p.  16) 
scientific  notation 

(■ P-19 ) 

percent  of  error 
(p.I9) 

significant  digits 

( P.20 ) 


Problems 

1 .  The  pilot  of  a  plane  heads  due  north 
at  240  mi/hr.  A  wind  is  blowing  from  the  west 
at  40.0  mi/hr.  What  is  the  plane’s  velocity 
with  respect  to  the  earth? 

2.  How  far  will  the  pilot  of  Problem  1 
be  off  course  at  the  end  of  4  hr  if  he  hoped  to 
travel  due  north  and  forgot  to  check  the  wind 
velocity? 

3.  Convert  (a)  8.7  cm  to  in;  (b)  21.8  ft 

to  m. 

4.  A  bicycle  moving  at  lOft/sec  speeds 
up  at  the  rate  of  3.0ft/sec2.  How  fast  is  it 
going  at  the  end  of  5.0  sec? 

5.  How  far  does  the  bicycle  of  Problem  4 
travel  in  the  5.0  sec?  Solve  two  ways  and  thus 
check  your  answer. 

6.  An  automobile  increases  its  speed 
from  20  mi/hr  to  50  mi/hr  in  15  sec.  How  far 
will  it  travel  during  the  interval? 

7.  If  a  stone  is  thrown  out  horizontally 
at  30  ft/sec  from  a  cliff  400  ft  high,  how  long 
would  it  take  for  the  stone  to  reach  the  ground, 
and  how  far  away  from  the  base  of  the  cliff 
would  it  strike? 

8.  A  ball  is  thrown  vertically  up  and  re¬ 
turns  to  the  hand  in  5.0  sec.  What  was  the 
initial  velocity  and  how  high  did  it  go?  Give 
answers  both  in  metric  and  English  units. 

9.  A  bomber  flying  at  400  mi/hr  at  an 
elevation  of  10,000  ft  drops  a  bomb.  Because 
of  the  motion  of  the  bomber,  the  bomb  starts 
with  a  horizontal  velocity  of  400  mi/hr.  As¬ 
suming  air  resistance  to  be  negligible,  how  far 
before  the  plane  is  over  the  target  must  the 
bomb  be  released? 

10.  Write  in  scientific  notation.  Assume 
that  the  0’s  are  not  significant  digits:  (a) 
Distance  of  sun  from  earth  =  149,000,000,000 
m;  (b)  Wavelength  of  ultraviolet  light  — 
0.000  000  292  m. 

1 1 .  The  value  of  tt  has  been  computed 
out  to  thousands  of  decimal  places.  Carried 
out  to  ten  decimal  places,  tt  is  3.1415926536. 
How  many  significant  digits  are  there  in  this 
number?  Express  this  number  using  two  sig¬ 
nificant  digits,  eight  significant  digits. 
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12.  Can  you  devise  a  method  for  finding 
the  total  time  in  Example  8,  rather  than  finding 
half  the  time  and  doubling  it? 

13.  A  projectile  travels  farthest  horizon¬ 
tally  if  it  is  launched  at  an  angle  of  45°.  If 
you  can  hurl  a  ball  at  80  ft/ sec,  what  is  the 
widest  river  across  which  you  can  throw  it? 

1 4.  A  speed  record  for  manned  flight  was 
1,390.21  mi/hr.  Express  this  record  in  meters 
per  second,  using  the  exact  international  defi¬ 
nition  of  the  yard. 


Discussion  Questions 

1.  Which  gives  the  larger  resultant,  two  vec¬ 
tors  at  an  acute  angle,  or  the  same  two 
vectors  at  an  obtuse  angle? 

2.  Why  have  official  standards  for  length  and 
time  changed  so  much  during  the  last  few 
centuries? 

3.  Aristotle,  the  ancient  Greek  scholar,  taught 
that  if  one  object  was  10  times  as  heavy  as 
another,  it  would  fall  10  times  as  fast  as 
the  lighter  object.  What  ordinary  observa¬ 
tions  might  have  led  him  to  this  conclu¬ 
sion? 

4.  How  should  a  gun  be  aimed  with  respect  to 
a  target  a  considerable  distance  away  in 
order  to  hit  it? 

5.  In  measuring  distances  in  outer  space,  the 
“astronomical  unit”  is  often  used.  This  unit 


is  based  on  the  earth’s  distance  from  the 
sun.  For  this  to  be  a  permanent  and  un¬ 
changing  standard,  how  must  it  be  defined? 

6.  During  a  free  fall  from  76,400  to  12,000  ft, 
a  man  reached  a  maximum  downward 
velocity  of  423  mi/hr  and  then  slowed  to 
140  mi/hr,  before  opening  his  parachute. 
How  can  you  account  for  this? 

7.  A  bombsight  uses  a  complex  computer  that 
determines  when  a  bomb  should  be  released 
from  a  plane  in  order  to  hit  a  target.  What 
is  some  of  the  information  that  must  be 
supplied  to  the  computer  for  it  to  make  its 
calculations? 


Work  on  Your  Own 

1 .  Read  some  of  Galileo’s  writings  about  falling 
bodies  as  shown  in  his  book  Two  New 
Sciences  (Dover,  1953).  You  will  also  find 
his  writings  discussed  and  quoted  in  Foun¬ 
dations  of  Modern  Physical  Science  by 
Holton  and  Roller  ( Addison-Wesley,  1958). 

2.  The  horizontal  distance  traveled  by  a  pro¬ 
jectile  with  a  certain  muzzle  velocity  is 
greatest  if  the  projectile  starts  out  at  an 
angle  of  45°  above  the  horizontal.  Design 
an  experiment  to  test  this.  If  you  wish,  you 
can  find  the  mathematical  proof  in  many 
college  physics  books. 

3.  Devise  a  system  to  measure  g.  A  college 
laboratory  manual  may  give  you  ideas. 


PHYSICS 
HALL  OF 
FAME 

. Galileo  Galilei  •  1564-1642 


There  is  a  story  that  Galileo  climbed  the  Leaning  Tower  of  Pisa  one  day 
and  dropped  balls  of  different  weights  to  demonstrate  to  a  crowd  that 
Aristotle  was  mistaken  when  he  said  that  the  speed  of  a  falling  object  depends 
on  its  weight.  Galileo  probably  did  not  perform  the  experiment  for  a  crowd, 
for  there  is  no  record  of  the  event.  However,  he  did  write  a  book  in  which 
he  has  an  imaginary  person,  Salviati,  tell  about  dropping  balls  from  a  height 
of  100  cubits  (about  150  feet),  which  is  approximately  the  height  of  the 
Tower  of  Pisa.  Possibly  Galileo,  who  taught  at  Pisa,  had  used  the  Tower 
privately.  Salviati  reports  that  there  was  very  little  difference  in  the  speed 
of  fall  of  the  balls,  and  concludes  that  “in  a  medium  totally  devoid  of 
resistance  all  bodies  would  fall  with  the  same  speed."  This  conclusion  was 
unpopular.  Most  scholars  believed  that  Aristotle  could  not  be  wrong,  that 
even  to  question  him  was  heresy. 

Galileo  continued  to  experiment.  He  built  a  telescope  and  discovered  the 
moons  of  Jupiter  and  the  phases  of  Venus.  At  the  time  nearly  everyone 
believed  that  all  heavenly  bodies  revolve  around  the  earth.  The  phases  of 
Venus,  however,  showed  that  Venus  must  revolve  around  the  sun.  Similarly, 
Galileo  saw  clearly  that  the  moons  of  Jupiter  revolve  not  around  the  earth 
but  around  Jupiter.  Such  observations  led  Gali¬ 
leo  to  state  that  the  earth,  like  Venus,  revolves 
around  the  sun,  a  theory  developed  earlier  by 
the  astronomer  Copernicus.  This  was  the  most 
unpopular  idea  of  all.  Galileo  was  ordered  to 
stop  advocating  the  heliocentric  theory.  He 
wrote  more  about  it,  however,  and  as  a  result 
was  sentenced  to  spend  the  rest  of  his  life  in 
retirement. 

For  the  men  who  opposed  Galileo,  science 
was  in  the  ancient  books  and  was  not  to  be 
questioned.  For  Galileo,  science  lay  in  experi¬ 
mentation  and  direct  observation,  and  no  au¬ 
thority  was  to  be  considered  infallible.  He  broke 
a  long  tradition  of  blind  acceptance  of  authority, 
and  his  work  may  justly  be  thought  of  as  the 
beginning  of  modern  science. 
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Courtesy  of  Bell  Aerosystems  Company. 


Wearing  a  rocket  belt,  this  man  leaped  15  feet  high  and  landed 
about  50  feet  from  his  starting  point. 


Motion 


The  man  in  the  picture  opposite  is  not  hanging  by  invisible  wires  from  above, 
nor  is  he  standing  on  some  support  hidden  in  the  dust  below  his  feet. 
He  is  jumping,  and  making  a  much  higher  and  longer  jump  than  the  world's 
record  for  the  broad  jump.  He  is  wearing  a  rocket  belt  that  enables  him  to 
jump  as  much  as  50  feet  in  one  leap.  Imagine  being  able  to  cross  a  small  river 
at  one  bound,  or  being  able  to  step  off  a  50-foot  cliff  and  make  a  slow-motion 
landing ! 

Today  nearly  everyone  knows  something  about  rockets,  so  probably  you 
have  a  fair  idea  of  how  the  rocket  belt  works.  A  full  understanding,  however, 
involves  the  concept  of  the  relation  of  force  to  motion.  The  purpose  of  this 
chapter  is  to  explain  to  you  that  concept. 


Force  and  Velocity 


2-1  What  is  a  force?  A  force  is  often 
defined  as  a  “push”  or  a  “pull.”  There  is 
nothing  untrue  with  this  statement,  but  it 
does  not  really  tell  you  much  about  a  force. 
Instead  of  defining  force,  it  substitutes  a 
synonym.  A  physicist  prefers  to  define  a 
force  in  terms  of  what  it  does. 

Just  what  does  a  force  do?  Suppose  you 
squeeze  a  balloon,  without  breaking  it.  The 
obvious  result  is  that  you  change  its  shape. 
Now  suppose  you  were  to  hold  the  bal¬ 
loon  in  the  palm  of  one  hand  and  give  it  a 
sharp  blow  with  the  other  hand.  It  will 
move  off.  At  the  moment  when  you  struck 
the  blow,  if  you  could  have  examined  the 
balloon  carefully,  you  would  probably  have 
found  that  it  was  also  somewhat  out  of 
shape. 


A  force,  then,  can  do  two  things.  A  force 
can  change  the  shape  of  an  object;  it  can 
change  the  velocity  of  an  object.  This  is 
called  an  operational  definition  of  a  force 
because  it  describes  an  activity  to  make 
clear  what  is  meant  by  the  word. 

2-2  Forces  may  be  balanced  or  un¬ 
balanced.  The  steel  ball  suspended  from  a 
wire  in  Fig.  2-la  has  two  forces  acting  on 
it,  its  weight,  acting  vertically  downward, 
and  the  force  exerted  by  the  wire,  acting 
vertically  upward.  Since  these  forces  are 
equal  in  magnitude  and  opposite  in  direc¬ 
tion,  their  resultant  is  zero. 

The  two  men  trying  to  start  the  balky 
mule  in  Fig.  2-lb  are  getting  nowhere  be¬ 
cause  the  mule  exerts  just  the  right  amount 
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a.  The  tension  in  the  string 
pulls  the  ball  up  with  a 
force  equal  to  the  down¬ 
ward  pull  of  its  weight.  The 
resultant  is  zero. 


b.  The  resultant  of  these  three 
forces  is  also  zero. 


c.  The  resultant  of  the  horizon¬ 
tal  forces  exerted  by  the 
firemen  on  the  blanket  is 
also  zero. 


Fig  ure  2-1  When  the  resultant  of  a  group  of  forces  acting  on  the  same  object  is  zero, 
the  forces  are  balanced.  When  the  resultant  is  not  equal  to  zero,  the  resultant  is  an 
unbalanced  force. 


of  force  to  make  the  resultant  force  on  his 
harness  equal  to  zero. 

The  firemen  in  Fig.  2-lc  pull  outward  on 
the  blanket  with  a  variety  of  forces  in  a 
variety  of  directions,  but  the  resultant  is 
zero.  These  are  all  examples  of  balanced 
forces;  that  is,  forces  whose  resultant  is 
zero.  On  the  other  hand,  if  two  children 
pull  on  a  favorite  toy,  and  one  pulls  with  a 
force  of  10  pounds,  while  the  other  pulls 
with  a  force  of  8  pounds  in  the  opposite  di¬ 
rection,  there  is  a  resultant  force  of  2 
pounds  in  the  direction  of  the  stronger 
child.  This  2-pound  resultant  is  an  unbal¬ 
anced  force.  Whenever  the  resultant  of  a 
group  of  forces  acting  on  the  same  object  is 
not  equal  to  zero,  their  resultant  is  called 
an  unbalanced  force 

2-3  An  unbalanced  force  changes  the 
velocity  of  an  object.  If  you  push  a  ball 
on  a  level  floor,  you  start  it  rolling.  If  you 
put  out  your  hand  in  the  path  of  the  ball 
and  apply  a  force  opposed  to  its  motion, 
you  can  stop  the  ball.  If,  on  the  other 
hand,  you  apply  a  force  at  an  angle  to  the 
motion,  you  change  the  direction  of  the 
motion  (Fig.  2-2a,  b,  and  c).  All  of  these 
changes  are  changes  in  velocity  produced 
by  unbalanced  forces.  If  you  push  equally 


with  both  hands  in  opposite  directions, 
however,  the  forces  balance,  as  shown  in 
Fig.  2-2d,  and  there  is  no  change  in  velocity. 

It  is  obvious  that  if  you  did  not  push  the 
stationary  ball,  it  would  not  move.  But 
even  if  you  do  not  put  out  your  hand  to 
stop  the  rolling  ball  in  Fig.  2-2,  it  slows 
down  and  comes  to  rest.  Does  this  mean 
that  a  force  is  not  absolutely  necessary  in 
order  to  slow  down  a  ball?  Does  it  also 
mean  that  if  you  want  the  ball  to  keep 
going,  you  must  continue  to  supply  an  un¬ 
balanced  force? 

These  questions  have  puzzled  people  for 
centuries.  The  ancient  Greeks  decided  that 
the  natural  state  of  any  object  was  that  of 
rest  and  that  a  force  is  always  required  to 
keep  it  moving.  This  is  such  a  natural  idea 
that  it  took  a  great  genius  like  Galileo  to 
start  to  doubt  it.  Sir  Isaac  Newton,  born  in 
1642,  the  year  of  Galileo’s  death,  also 
doubted  it.  He  thought  that  people  were 
overlooking  some  of  the  forces  that  were 
acting  on  the  rolling  ball.  After  you  stop 
pushing  it,  it  continues  to  roll.  But  the  air 
gets  in  the  way  and  must  be  pushed  aside. 
There  is  friction  between  the  ball  and  the 
floor.  Air  resistance  and  friction  are  forces 
that  retard  the  motion  of  the  ball. 

When  you  are  pushing  the  ball,  your 
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push  is  greater  than  the  forces  of  air  re¬ 
sistance  and  friction;  the  forces  are  not  bal¬ 
anced.  Therefore  the  ball  speeds  up. 
When  you  stop  pushing,  the  forces  of  air 
resistance  and  friction  have  nothing  to  op¬ 
pose  them.  The  resultant  unbalanced  force 
on  the  ball  slows  it  down. 

Newton  stated  his  conclusions  in  the 
form  of  a  law:  A  body  at  rest  will  remain 
at  rest  unless  an  unbalanced  force  acts 
upon  it.  A  body  in  motion  will  remain  in 
motion  in  a  straight  line  at  a  steady  speed 
unless  an  unbalanced  force  acts  upon  it. 
The  law  can  also  be  stated:  The  velocity  of 
a  body  remains  constant  unless  acted  on  by 
an  outside,  unbalanced  force.  This  is  called 
Newton’s  first  law  of  motion* 

A  law  passed  in  a  legislature  often  carries 
the  name  of  the  man  who  sponsored  it  and 
persuaded  his  fellow-legislators  to  vote  for 
it.  Newton’s  law  is  not  of  this  sort;  it  is  a 
scientific  law. 


A  scientific  law  is  a  description  of  the 
way  in  which  the  universe  and  its  parts  be¬ 
have.  This  is  a  law-abiding  universe.  The 
sun  does  not  rise  in  the  east  one  day  and 
in  the  north  another.  If  you  let  go  of  a 
ball,  it  drops  to  the  floor  every  time.  It 
does  not  fall  some  days,  rise  on  others,  and 
go  off  horizontally  every  once  in  a  while. 

One  of  the  things  scientists  do  is  to  try  to 
formulate  laws  which  accurately  describe 
the  behavior  of  the  universe.  Sometimes  a 
law  is  incompletely  stated  and  therefore  is 
restated  as  new  facts  are  learned. 

The  notion  of  the  ancient  Greeks  that 
moving  objects  slow  down  unless  they  are 
pushed  is  an  example  of  an  incomplete 
statement  of  a  scientific  law.  It  certainly 
seemed  true  on  the  surface  of  the  earth,  but 
they  were  unaware  of  the  forces  of  friction 
and  air  resistance.  But  out  in  space,  where 
these  forces  do  not  exist,  an  object  may 
travel  for  millions  of  miles  without  slowing 


Figure  2-2  The  effect  of  unbalanced  and  balanced  forces  on  a  ball. 


a.  If  you  push  the  ball,  it  starts  to  roll. 


b.  If  you  push  against  the  motion  of  the 
ball,  you  can  stop  it. 


c.  If  you  push  at  an  angle  to  the  ball  s  motion,  you 
change  the  direction  of  the  motion. 


d.  If  you  apply  balanced 
forces,  you  merely 
squeeze  the  ball. 


Figure  2-3  A  safety  belt  will  apply  a  force 
to  slow  you  down  when  a  plane  lands  or  a 
car  stops  suddenly  so  that  you  will  not  be  as 
likely  to  get  hurt  by  continuing  in  forward 
motion. 

down;  and  on  earth  we  can  observe  that  the 
more  that  friction  and  air  resistance  are  re¬ 
duced,  the  longer  an  object  moves  without 
stopping.  Newton’s  law  is  a  better  descrip¬ 
tion  of  the  behavior  of  the  universe  than 
were  the  earlier  ideas. 

2-4  All  objects  possess  inertia.  If  you 

are  sitting  in  a  car  at  the  right  of  the  driver 
and  he  suddenly  puts  on  the  brake,  your 
body  jerks  forward  and  you  may  hit  your 
head  on  the  windshield  or  the  panel  below 
it.  If  you  think  of  this  in  terms  of  the 
forces  acting,  you  see  that  you  really  were 
not  jerked  forward.  Instead  a  force  was 
applied  to  the  car  to  slow  it  down.  But  no 
such  force  was  applied  to  you.  Result:  you 
kept  on  going  (Fig.  2-3). 

What  happens  if  you  are  sitting  in  a  car 
when  the  driver  suddenly  speeds  up?  You 
feel  as  if  you  are  being  pushed  back  into 
your  seat.  A  force  has  been  applied  to  the 


car  to  accelerate  it.  Since  the  force  was  not 
applied  to  you,  you  were  left  behind  for  a 
moment.  The  seat  was  moving  forward 
faster  than  you  were  and  therefore  pushed 
you  from  behind. 

Any  object,  in  this  case  your  body,  be¬ 
haves  according  to  Newton’s  first  law.  The 
tendency  of  an  object  to  continue  in  motion 
if  it  is  in  motion  or  to  stay  at  rest  if  it  is  at 
rest  is  called  inertia  .  Inertia  may  also  be 
defined  as  the  tendency  of  an  object  to  re¬ 
main  at  constant  velocity.  Newton’s  first 
law  is  sometimes  called  the  law  of  inertia. 

There  is  probably  no  law  of  physics  with 
which  you  are  more  familiar  than  Newton’s 
first  law,  although  you  may  never  have 
thought  about  it  before.  For  example,  when 
helping  to  clear  the  table  at  dinner,  you 
pick  up  a  plate  and  turn  quickly  toward  the 
kitchen.  With  a  clatter  the  silver  falls  to  the 
floor.  You  have  applied  a  force  to  the  plate, 
but  not  to  the  silver.  Because  of  its  inertia 
the  silver  did  not  move  toward  the  kitchen 
with  the  plate,  but  stayed  where  it  was  un¬ 
til,  when  the  plate  was  gone,  the  force  of 
gravity  acted  to  pull  it  down. 

A  car  is  stalled  and  you  try  to  push  it.  It 
takes  an  enormous  force  to  get  it  going  be¬ 
cause  of  its  inertia.  Once  it  is  started,  how¬ 
ever,  if  the  road  is  level  and  smooth,  it  con¬ 
tinues  to  move  slowly,  and  you  cannot  stop 
it  easily  because  it  is  in  motion  and  resists 
being  slowed.  Figure  2-4  illustrates  some 
tricks  which  illustrate  Newton’s  first  law. 

2-5  Ma  ss  is  the  quantitative  measure 
of  inertia.  If  you  want  to  start  a  car  by 
pushing  it,  you  find  that  it  takes  a  very 
large  force  to  overcome  its  inertia.  On  the 
other  hand,  only  a  small  force  is  needed  to 
start  a  child’s  express  wagon.  The  differ¬ 
ence  between  the  car  and  the  express  wagon 
is  a  difference  in  mass.  The  car  has  a  large 
mass,  whereas  the  wagon  has  a  small  one. 

The  inertia  of  an  object  provides  a  way  of 
defining  mass.  The  greater  the  mass  of  an 
object,  the  greater  its  tendency  to  keep  at  a 
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constant  velocity.  Therefore  mass  is  often 
defined  as  the  quantitative  measure  of  the 
inertia  of  an  object.  Like  the  definition  for 
force,  this  is  an  operational  definition.  It 
tells  you  that  you  can  decide  which  of  two 
masses  is  greater  by  observing  which  one 
speeds  up  less  when  you  apply  the  same 
force  to  each  for  the  same  length  of  time. 

2-6  The  kilogram  is  the  mks  standard 
of  mass.  The  definition  of  mass  given  in 
the  last  section  makes  it  possible  for  you  to 
compare  two  masses,  but  it  does  not  give 
you  a  way  of  deciding  just  how  big  either 
of  the  masses  may  be.  The  physicists’  stand¬ 
ard  of  mass  at  the  present  time  is  a  plati¬ 


num-iridium  cylinder  in  a  vault  in  Sevres, 
France.  It  is  called  the  international  proto¬ 
type  kilogram  (kg).  There  are  copies  of  it 
in  many  countries  (p.  7,  Fig.  l-5a). 

2-7  The  gram  was  defined  before  the 
kilogram.  At  the  time  the  meter  was  named 
and  defined  as  a  standard  of  length  ( see  p. 
18),  the  scientists  responsible  for  this  choice 
undertook  to  define  a  standard  of  mass  as 
well.  Furthermore,  they  set  out  to  base  the 
standard  mass  on  the  standard  meter;  that 
is,  to  define  mass  in  terms  of  length. 

At  first  thought,  such  a  definition  appears 
impossible.  But  it  can  be  done,  although 
an  intermediate  step  is  required. 


Figure  2—4  Illustrations  of  Newton's  first  law. 


a. 


Pile  up  smooth  blocks  and  give  the  bottom  one  a  sharp  rap  with  the  edge  of  a  ruler.  The 
bottom  block  will  sail  out  from  under,  and  the  rest  of  the  stack  will  not  be  toppled  but 
will  drop  down  still  in  a  pile. 


b.  Place  a  coin  on  a  smooth  card  over  a  water  glass.  Give  the  edge  of  the  card  a  sharp 
blow  with  the  flat  side  of  a  ruler.  The  card  will  be  knocked  off  the  glass,  but  the  coin 
will  fall  into  it.  , 
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Every  object  takes  up  space;  it  has  three 
dimensions,  and  each  dimension  can  be  ex¬ 
pressed  in  terms  of  the  meter.  The  inter¬ 
mediate  step,  then,  is  to  select  a  unit  of  vol¬ 
ume.  When  this  has  been  done,  a  specified 
volume  of  a  selected  substance  may  be 
taken  as  the  standard  mass. 

As  the  unit  of  volume,  the  eighteenth- 
century  French  scientists  chose  the  cubic 
centimeter.  As  the  substance,  they  chose 
pure  water.  They  named  the  mass  of  1  cubic 
centimeter  (cm3)  of  pure  water  1  gram. 

The  choice  of  water  was  logical.  Water 
is  obtainable  everywhere.  It  is  easly  puri¬ 
fied.  To  be  sure,  its  volume  changes  con¬ 
siderably  with  changes  in  temperature  and 
atmospheric  pressure,  but  this  disadvantage 
was  overcome  by  specifying  the  tempera¬ 
ture  and  pressure  at  which  the  volume  was 
to  be  measured. 

Because  water  evaporates  very  readily, 
1  cm3  of  water  itself  could  not  be  used  as  a 
prototype  gram.  Platinum  was  the  most 
satisfactory  material  available  at  the  time. 
But  a  piece  of  platinum  with  a  mass  of  1 
gram  is  only  about  half  the  size  of  a  thin 
dime,  much  too  small  to  be  a  good  proto¬ 
type  unit  of  mass.  A  larger  mass  would  be 
far  easier  to  copy  accurately. 

For  this  reason,  the  committee  of  scien¬ 
tists  decided  to  have  a  1,000-gram  mass  of 
platinum  constructed,  rather  than  a  1-gram 
mass.  They  presented  the  prototype  kilo¬ 
gram  to  the  French  government  in  the  same 
ceremony  in  which  the  prototype  meter  was 
presented.  About  a  hundred  years  later  a 
new  prototype  kilogram  was  constructed  of 


platinum-iridium,  and  adopted  by  scientists 
as  the  international  standard  of  mass  (p.  31 ). 


Self  Check 


1 .  Give  an  operational  definition  of  force. 

2.  Give  an  operational  definition  of  mass. 

3.  If  an  object  is  pulled  north  by  a  force  of 
10  lb,  east  by  a  force  of  15  lb,  south  by  a 
force  of  10  lb,  and  west  by  a  force  of  10  lb, 
what  is  the  unbalanced  force? 

4.  If  your  car  is  rounding  a  curve  at  a  steady 
40  mi/hr,  are  the  forces  acting  on  the  car 
balanced  or  unbalanced? 

5.  State  Newton’s  first  law  of  motion. 

6.  How  is  this  law  different  from  the  kind  of 
law  passed  by  a  legislature? 

7.  What  is  inertia? 

8.  Why  is  it  easier  to  keep  a  car  in  motion 
than  to  start  one? 

9.  Convert  (a)  3.4  kg  to  g;  (b)  25  g  to  kg. 


Discussion  Questions 


1 .  You  are  standing  in  a  train  that  is  slowing 
down.  What  effect  does  this  have  on  your 
ability  to  stand  straight  up? 

2.  If  the  train  moves  with  uniform  velocity, 
how  does  its  motion  affect  your  ability  to 
stand  straight  up? 

3.  If  the  train  is  speeding  up,  how  does  its 
motion  affect  your  ability  to  stand  straight 
up? 

4.  If  you  attempt  to  jump  off  a  moving  vehicle, 
in  which  direction  should  you  face  so  as  to 
be  able  to  keep  your  balance? 


Force  and  Acceleration 


2-8  Acceleration  depends  on  the  mass 
and  the  force  applied.  If  you  push  a 
wheeled  cart,  applying  an  unbalanced  force, 
you  accelerate  it.  The  harder  you  push,  the 


greater  is  the  acceleration.  If  you  apply  a 
force  to  the  cart  when  it  is  loaded  and  an 
equal  force  when  it  is  empty,  you  find  that 
the  lighter  cart  accelerates  more  because  of 
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its  smaller  inertia.  These  results  may  be  put 
in  the  form  of  two  rules: 

1.  Acceleration  is  greater  when  the  force 
is  greater. 

2.  Acceleration  is  greater  when  the  mass 
is  less. 

Experiments  show  that  twice  the  force 
(F)  acting  on  the  same  object  produces 
twice  the  acceleration;  three  times  the  force 
produces  three  times  the  acceleration,  and 
so  on.  Such  a  relationship  is  expressed 
mathematically  thus: 

F 

—  =  a  constant 

a 

Experiments  also  show  that,  with  the 
same  force,  when  the  mass  is  reduced  to 
half,  the  acceleration  is  doubled;  when  the 
mass  is  reduced  to  one  third,  the  accelera¬ 
tion  is  tripled,  and  so  on.  Expressed  mathe¬ 
matically: 

ma  =  a  constant 

These  two  relationships  can  be  combined 
in  one  mathematical  statement: 

F 

-  =  a  constant 

ma 

Mathematicians  usually  indicate  a  constant 
by  the  letter  k.  Therefore: 

F 

- —  =  k  or  F  =  lcma 
ma 


This  equation  is  a  mathematical  state¬ 
ment  of  Newton’s  second  law,  which  says 
that  when  an  unbalanced  force  acts  on  an 
object  it  produces  an  acceleration  in  the  di¬ 
rection  of  the  force,  and  that  the  accelera¬ 
tion  is  directly  proportional  to  the  force  act¬ 
ing  and  inversely  proportional  to  the  mass. 

2-9  Newton’s  second  law  defines  a 
unit  of  force.  The  units  of  mass,  length,  and 
time,  as  defined  so  far  in  this  book,  are 
called  fundamental  units-  The  definition  of 
a  fundamental  unit  is  arbitrarily  chosen. 
Men  have  decided  to  measure  mass  in  terms 
of  a  particular  object,  the  prototype  kilo¬ 
gram.  They  could  have  selected  some  other 
standard,  but  they  chose  this  one.  Simi¬ 
larly,  it  has  been  decided  to  measure  length 
in  terms  of  the  length  of  the  prototype 
meter  or  of  the  wavelength  of  a  particular 
kind  of  light;  and  to  measure  time  in  terms 
of  the  motion  of  the  earth  around  the  sun. 

Area  is  measured  in  square  meters  or 
square  feet.  Velocity  is  measured  in  feet 
per  second  or  meters  per  second.  These  are 
examples  of  derived  units.  A  derived  unit  is 
expressed  in  terms  of  fundamental  units.  In 
the  mks  system  of  units,  force  is  a  derived 
unit.  This  unit  is  called  the  newton  and 
is  defined  in  terms  of  the  second  law.  The 
newton  (N )  is  the  unbalanced  force  that  will 
give  an  acceleration  of  1  m/ sec2  to  a  mass 
of  1  kg.  Figure  2-5  will  give  you  an  idea 
of  the  size  of  this  unit. 


Figure  2—5  How  big  is  a  newton?  1  80  paper  clips  weigh  about  1  N;  1  8  unsharpened 
pencils,  about  1  N;  a  quarter  of  a  pound  of  butter,  slightly  more  than  1  N;  a  softball, 
about  2  N;  an  18-lb  turkey,  80  N;  a  135-lb  person,  600  N. 
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In  the  equation  for  Newton’s  second  law, 
when  the  mass  is  in  kilograms,  the  accelera¬ 
tion  in  meters  per  second  squared,  and  the 
force  in  newtons,  k  becomes  the  number  1 
and  can  be  omitted. 

F  =  m  X  a 

1  N  =  1  kg  X  1  m/sec2  =  1  kg-m/sec2 

Whenever  you  have  newtons  in  a  prob¬ 
lem,  you  can  write  kg  •  m/ sec2  in  place  of 
N,  to  see  whether  your  units  are  coming  out 
properly.  See  Example  1. 


EXAMPLE  1 

What  unbalanced  force  is  necessary  to  accelerate 
a  1  000-kg  car  at  3  m/sec2? 

Given:  m  =  1000  kg;  a  =  3  m/sec2 

To  find:  F 

Solution:  F  =  ma 

,  3m 

F  =  1  000  kg  X  ■ — r 
secz 

=  3  X  103kg-ra/sec2 
=  3  X  1  03  N,  Answer 


Do  It  Now 


Attach  a  screw  eye  to  a  block  of  wood.  A  6-in. 
piece  of  2  X  4  will  do.  Fasten  a  thread  to  the 
screw  eye.  Put  the  block  on  a  flat  surface  —  a 
table  top,  for  example  —  and  pull  very  gently 
on  the  thread.  You  should  be  ablfe  to  set  the 
block  in  motion  and  to  move  it  across  the  table. 
Now  put  the  block  back  where  it  was  and  give 
the  thread  a  quick  jerk.  What  happens? 
Explain  both  results  in  terms  of  the  second 
law  of  motion. 

2-10  Momentum  is  related  to  motion. 

If  you  see  a  large  truck  rolling  down  the 
highway  toward  you  just  when  you  have 
started  to  cross,  you  rush  to  get  out  of 
the  way.  What  is  there  about  the  motion  of 


this  truck  that  makes  it  worthy  of  your  re¬ 
spect?  In  the  first  place,  it  has  a  velocity, 
perhaps  20  mi/hr  toward  you.  But  the  ve¬ 
locity  alone  does  not  make  it  an  object  to  be 
avoided.  An  insect  hurtling  at  you  at  20 
mi/hr  would  hardly  cause  you  to  get  out  of 
its  way.  Is  it  the  mass,  then,  that  is  to  be 
feared?  Certainly  this  is  not  the  whole  story 
either,  because  if  the  truck  were  parked, 
you  would  not  worry  about  it.  Apparently, 
the  combination  of  velocity  with  mass  has 
a  particular  significance. 

Newton  found  it  very  useful  to  multiply 
the  mass  of  an  object  by  its  velocity  and  to 
use  the  product  as  a  measure  of  the  object’s 
motion.  This  product  he  called  “quantity 
of  motion”;  modern  physicists  call  it  mo¬ 
mentum  * 

momentum  =  mass  X  velocity  =  mv 

There  are  no  special  units  for  momentum 
and  no  special  name  for  any  units.  It  might 
be  kilogram  •  meters  per  second,  gram  •  cen¬ 
timeters  per  second,  or  even  a  mixed-up  ex¬ 
pression  like  kilogram  •  kilometers  per  hour. 
Momentum  is  a  vector  quantity  with  its  di¬ 
rection  the  same  as  that  of  the  velocity. 

2-1 1  Momentum  is  related  to  force. 

Newton  used  the  idea  of  momentum  when 
he  described  the  second  law.  He  said  that 
the  rate  of  change  of  momentum  of  an 
object  is  proportional  to  the  force  applied, 
and  the  change  of  momentum  is  in  the  di¬ 
rection  of  the  force.  The  rate  of  change  of 
momentum  is  the  change  in  momentum 
divided  by  the  time  during  which  the 
change  takes  place.  Thus  Newton’s  way  of 
expressing  the  law  was: 

change  in  mv  A  (mv) 

time  interval  At 

If  the  mass  is  a  constant,  then 

n  m  X  change  in  v  mAv 

At 


time  interval 
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Since  a  =  — ,  a  can  be  substituted  for 
A  t 

—  .  Therefore, 

At 

F  —  ma 

Thus  F  =  ma  is  a  proper  algebraic  state¬ 
ment  of  Newton’s  second  law  if  the  mass 
does  not  change.  At  velocities  approaching 
the  speed  of  light,  when  both  m  and  v  are 
changing,  Newton’s  law  must  be  stated  in 
terms  of  momentum  rather  than  accelera¬ 
tion. 

2-12  Newton’s  second  law  has  many 
applications.  If  you  were  to  jump  from  a 
height  of  3  or  4  ft  onto  a  hard  surface,  you 
should  relax  your  muscles  and  allow  your 
knees  to  bend  a  little  as  your  feet  hit  the 
surface.  If  you  do  not,  the  force  of  the  im¬ 
pact  hurts  your  feet  and  jars  your  whole 
body.  This  illustrates  Newton’s  second  law. 
Your  body  is  decelerating,  or  undergoing  an 
acceleration  opposite  to  the  direction  of  mo¬ 
tion.  The  floor  is  applying  a  force  to  your 
feet  and  it  is  this  force  that  causes  the  de¬ 
celeration.  What  does  the  law  state?  The 
force  is  proportional  to  the  product  of  the 
mass  and  the  acceleration.  Your  mass  is 
the  same  no  matter  which  way  you  come 
down,  so  the  acceleration  is  the  important 
factor  here.  If  you  come  down  rigidly,  your 
body  is  brought  to  rest  in  a  very  short  time 
and  the  deceleration  is  large.  Therefore, 
the  force  is  large.  If  you  bend  your  knees 
and  slow  down  gradually,  the  deceleration 
is  smaller  and  so  is  the  force. 

When  an  elevator  starts  to  rise  suddenly, 
the  inertia  of  your  body  produces  that 
stomach-left-behind  feeling.  When  it  drops 
suddenly,  you  have  a  similar  feeling.  One 
way  to  think  about  this  experience  is  to  ap¬ 
ply  Newton’s  first  law.  In  each  case,  your 
body  is  originally  at  rest,  and  it  resists  being 
put  into  motion.  Your  internal  organs,  being 
loosely  attached,  resist  longer  and  get  left 
behind  for  an  instant  as  the  rest  of  your 


body  starts  to  move.  If  the  elevator  stops 
suddenly,  your  internal  organs  keep  on  go¬ 
ing,  and  again  you  may  feel  a  bit  unsettled. 

A  more  complete  way  to  think  about  this 
experience  is  in  terms  of  Newton’s  second 
law.  Figure  2-6  on  the  next  page  illustrates 
this  law. 


Do  It  Now 


Hang  a  weight  on  a  spring  balance.  Hold  the 
balance  until  the  reading  is  steady.  Note  the 
value  of  the  reading.  Then  suddenly  lift  the 
balance.  What  happens  to  the  reading  when 
you  first  start  the  lift  and  later  when  you  raise 
the  balance  with  a  uniform  velocity?  Suddenly 
lower  the  balance.  What  happens  when  you 
start  to  lower  it  and  later  when  you  lower  it 
with  uniform  velocity?  Explain  your  results. 
Figure  3-6  should  help  you. 


Self  Check 


1.  State  Newton’s  second  law  in  two  different 
ways. 

2.  If  you  apply  a  force  to  a  3-kg  cart  that  rolls 
with  negligible  friction,  and  the  cart  accel¬ 
erates  at  2m/sec2,  what  force  did  you  ap¬ 
ply? 

3.  If  you  apply  the  same  force  to  a  6-kg  cart, 
what  will  its  acceleration  be? 

4.  If  you  double  the  force  applied  to  the  3-kg 
cart,  what  will  the  acceleration  be? 

5.  Define  the  newton. 

6.  What  is  the  momentum  of  a  5.0-kg  ball  roll¬ 
ing  with  a  velocity  of  3.0  m/sec? 

7.  What  is  the  direction  of  momentum? 

8.  If  a  ball  is  rolling  toward  the  north,  and  a 
force  is  applied  to  it  toward  the  west,  what 
is  the  direction  of  the  acceleration? 

9.  A  moving  cart  is  pushed  from  behind  with 
a  force  of  10  N.  The  retarding  forces  of 
friction  and  air  resistance  equal  10  N.  No 
other  horizontal  forces  act  on  the  cart.  If  it 
has  a  mass  of  2  kg,  what  is  its  acceleration? 


a.  If  the  elevator  is  not  moving, 
its  floor  pushes  on  your  feet 
with  a  force  ( F )  equal  to 
your  weight  (IF).  These 
forces  balance.  You  are  in 
equilibrium. 


n  F  F  =  W  +  ma 

b.  While  the  elevator  accel¬ 
erates,  the  floor  pushes  on 
your  feet  with  a  force  equal 
to  your  weight  (IF)  plus  a 
force  for  acceleration  ( ma ) 

The  downward  and  up¬ 
ward  forces  are  unbal¬ 
anced. 


When  the  elevator  acceler¬ 
ates  downward,  the  force 
of  your  weight  is  greater 
than  the  supporting  force 
of  the  elevator.  Therefore 
you  accelerate  downward. 
W  —  F  is  the  unbalanced 
force  causing  the  accelera¬ 
tion. 


When  the  elevator  moves 
with  constant  velocity,  no 
force  is  required  for  ac¬ 
celeration.  Therefore  the 
elevator  pushes  on  you 
only  with  a  force  equal  to 
your  weight.  The  forces 
balance.  You  are  in  equi¬ 
librium. 


e.  If  the  elevator  cable  snaps  and  the  elevator  falls  freely, 
both  it  and  you  are  falling  at  the  same  rate.  The  upward 
force  on  your  feet  is  0.  Your  weight,  acting  downward, 
makes  you  fall,  but  because  there  is  no  pressure  on  the 
soles  of  your  feet,  you  have  a  feeling  of  weightlessness. 
This  is  a  kind  of  feeling  that  space  ship  passengers  have 
when  their  ship  is  coasting  through  space. 

Figure  2-6  Newton's  second  law  in  an  elevator. 


no  upward  force 


Problems 


1 .  What  will  be  the  acceleration  of  a 
1000-kg  car  if  an  unbalanced  force  of  800  N  is 
applied? 

2.  An  unbalanced  force  of  150  N  is  ap¬ 


plied  to  a  boat  which  is  accelerated  at  0.50 
m/sec2.  What  is  the  mass  of  the  boat? 

3.  A  pony  with  a  mass  of  300  kg  pulls  a 
cart  with  a  mass  of  1000  kg.  With  what  force 
will  the  pony  have  to  pull  on  the  cart  if  he  is 
to  accelerate  at  2.0  m/sec2?  Assume  no  friction 
in  the  wheels. 
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4.  With  what  force  will  the  pony’s  hoofs 
have  to  push  on  the  ground? 

5.  What  is  the  momentum  of  a  1000-kg 
car  moving  at  20  m/sec? 

6.  A  car  with  a  mass  of  1500  kg  has  a 
momentum  of  24,000  kg  •  m/sec.  What  is  the 
magnitude  of  its  velocity? 

7.  A  3000-lb  automobile  accelerates 
from  rest  at  10  ft/sec2  for  5.0  sec.  What  is  its 
momentum  at  the  end  of  that  time? 

8.  A  6.0-g  bullet  traveling  at  300  m/sec 
goes  through  a  block  of  wood  and  emerges  at 
lOOm/sec.  What  is  its  change  in  momentum? 

9.  A  freight  engine  of  mass  20,000  kg 
accelerates  from  rest  up  to  a  velocity  of  2.0 
m/sec  in  5.0  sec.  If  it  is  pulling  a  train  of  20 
cars,  each  with  a  mass  of  10,000  kg,  what  is 
the  force  in  the  coupling  between  the  engine 
and  the  first  car? 

1 0.  What  is  the  force  in  the  coupling 


The  Force 

2-13  Newton  formulated  the  law  of 
universal  gravitation.  What  makes  an  ap¬ 
ple  fall  to  the  earth?  Newton  is  supposed  to 
have  started  thinking  about  gravitational 
forces  when  he  noticed  a  falling  apple. 
Whether  or  not  the  apple  story  is  true,  New¬ 
ton  did  a  great  deal  of  thinking  and  came 
up  with  ideas  that  completely  changed 
man’s  concept  of  the  universe.  Here  is  his 
line  of  reasoning: 

An  apple  falls  because  the  earth  attracts 
it.  ( This  was  not  a  new  idea. )  Perhaps  the 
apple  attracts  the  earth,  too.  (This  was 
certainly  a  new  idea.)  Perhaps  apples  at¬ 
tract  each  other.  Perhaps  all  objects  attract 
each  other.  ( Here  he  was  getting  far  from 
the  ideas  scientists  had  had  up  till  then. 
Next  he  took  a  big  step. )  Perhaps  the  force 
of  attraction,  the  gravitational  attraction  be¬ 
tween  various  objects,  works  even  at  very 
great  distances;  thus  the  earth  and  the  moon 


between  the  10th  and  11th  cars  of  the  train 
in  Problem  9? 


Discussion  Questions 


1 .  Why  is  a  car  that  crashes  into  a  stone  wall 
damaged  more  than  one  that  crashes  into 
a  barrier  made  of  steel  cables? 

2.  Show  that  Newton’s  first  law  is  actually  a 
special  case  of  the  second. 

3.  Why  does  a  baseball  sting  your  hand  if  you 
hold  your  hand  rigid,  but  does  not  if  you 
let  vour  hand  “give”  while  catching  the 
ball? 

4.  Compare  the  tension  in  the  cable  between 
a  tugboat  and  the  first  barge  it  is  accelerat¬ 
ing  with  the  tension  in  the  cable  between 
the  first  and  second  barges. 


of  Gravity 

attract  each  other,  the  sun  and  the  planets 
attract  each  other,  possibly  even  the  sun 
and  the  stars  attract  each  other. 

Why  was  this  last  such  a  big  step?  Be¬ 
cause  until  then,  people  had  supposed  that 
the  laws  governing  the  behavior  of  matter 
on  the  earth  were  different  from  those  gov¬ 
erning  the  behavior  of  heavenly  bodies. 
Newton  was  talking  about  universal  gravi¬ 
tation. 

If  you  put  two  balls  near  each  other  on  a 
level  table,  they  do  not  roll  toward  each 
other.  However,  Newton  believed  that  they 
attract  each  other.  He  realized  that  if  there 
were  a  force  pulling  them  together  it  must 
be  extremely  small.  The  force  pulling  the 
apple  to  the  earth,  on  the  other  hand,  is 
relatively  large.  Newton’s  first  quantitative 
hypothesis  about  the  force  of  gravity  was 
that  it  depends  upon  the  masses  involved. 
The  earth  pulls  on  the  apple  with  a  fairly 
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large  force  because  the  earth  has  a  large 
mass,  even  though  that  of  the  apple  is  small. 
The  two  balls  pull  on  each  other  with  a 
small  force  because  their  masses  are  small. 
Therefore,  he  said  that  the  force  between 
two  objects  is  proportional  to  the  product 
of  their  masses. 

Newton’s  second  quantitative  hypothesis 
about  the  force  of  gravity  was  that  it  de¬ 
pends  on  the  distance  between  the  masses. 
He  proposed  that  the  force  between  two 
masses  was  inversely  proportional  to  the 
square  of  the  distance  between  their  cen¬ 


ters  of  gravity.  These  two  relationships  can 
be  stated  thus: 

mim2 

where  m1  and  m2  are  the  masses,  and  s  is 
the  distance  between  their  centers.  The 
symbol  °c  means  “is  proportional  to.”  It 
may  be  replaced  by  an  equals  sign  and  a 
constant.  It  is  customary  to  use  a  capital 
G  to  represent  the  constant: 


Figure  2-7  Newton’s  law  of  universal  gravitation. 
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a.  The  effect  of  distance  on  gravitational  forces. 


\ 


1 


\ 

\  \ 

This  object  is  attracted  to  the  earth  with  a  force  of  1  00  N  at  the  earth's  surface, 
which  is  4000  mi  from  its  center. 

\  ' 


The  same  object  at  this  point  is  two  times 
as  far  away  from  the  center  of  the  earth. 
The  force  is  (1/2)2  or  1/4  as  much  and  is 
therefore  equal  to  25  N. 


The  object  is  now  3  times  as  far  away, 
and  the  force  is  therefore  (1/3)2  or  1/9  as 
much  as  it  was  originally — approximately 
1 1  N. 


b.  The  combined  effect  of  distance  and  mass  on 
gravitational  attraction. 


The  force  acting  on  mass  M  at  the  surface  of  the  earth  is  20  N. 

\ 

N  \ 


F  f  15N 


This  mass  is  3  times  as  great,  so  the  force  is 
multiplied  by  3.  However,  the  mass  is  also 
2  times  as  far  away.  Therefore  the  force  is 
divided  by  22  or  4.  The  combined  effect  of 
the  change  in  mass  and  distance  is  to  make 
the  force  3/4  times  as  great,  or  1  5  N. 
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G  is  called  the  constant  of  gravitation ,  or 

the  gravitational  constant.  It  is  entirely  dif¬ 
ferent  from  the  g  that  represents  accelera¬ 
tion  of  gravity.  The  value  of  G  was  deter¬ 
mined  about  100  years  after  Newton’s  work. 
It  is  6.67  X  10“ 11  N  -m2/kg2. 

Newton’s  law  of  universal  gravitation 
(which  is  not  one  of  his  three  laws  of  mo¬ 
tion)  can  be  stated  thus:  Every  mass  in  the 
universe  attracts  every  other  mass  with  a 
force  that  is  directly  proportional  to  the 
product  of  the  masses  and  inversely  pro¬ 
portional  to  the  square  of  the  distance  be¬ 
tween  their  centers  of  gravity.  This  law  is 
illustrated  in  Fig.  2-7. 

The  force  of  gravity  extends  into  space. 
This  force  exists  between  the  moon  and  the 
earth,  between  the  earth  and  the  sun,  and 
among  all  the  objects  in  the  solar  system 
and  the  entire  universe.  The  gravitational 
attraction  between  the  earth  and  the  sun 
keeps  the  earth  in  its  nearly  circular  orbit 
around  the  sun.  A  similar  situation  applies 
to  the  moon’s  orbit  around  the  earth.  The 
moon’s  gravitational  pull  on  the  earth  and, 
to  a  lesser  extent,  that  of  the  sun,  produce 
the  ocean  tides,  as  illustrated  in  Fig.  2-8. 

2-14  Newton  used  the  moon  to  test  the 
law  of  gravitation.  When  Newton  had  pro¬ 
posed  his  equation  for  the  force  of  gravity, 
he  proceeded  to  test  his  hypothesis.  He 
used  the  moon  and  the  earth  as  his  “test 
spheres.”  The  moon,  he  said,  would  travel 
in  a  straight  line  if  there  were  no  unbal¬ 
anced  force  acting  upon  it  (the  first  law). 
Instead  of  traveling  in  a  straight  line,  it 
curves  around  the  earth.  Therefore  some 
unbalanced  force  is  giving  it  an  accelera¬ 
tion  toward  the  earth.  ( See  Fig.  l-6c. ) 

Figure  2-8  The  moon  attracts  the 
water  on  the  near  side  of  the  earth, 
causing  a  high  tide  in  that  area. 

The  moon  also  attracts  the  earth  it¬ 
self  away  from  the  overlying  water 
on  the  opposite  side  of  the  earth, 
resulting  in  a  slightly  smaller  high 
tide  there. 
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As  stated  in  Sec.  1-9,  the  acceleration  of 
any  object  moving  in  a  curved  path  is: 

v2 

a  =  — 
r 

Newton  knew  the  radius  and  length  of  the 
moon’s  path  around  the  earth,  and  the  time 
required  for  one  revolution  of  the  moon. 
Therefore  he  could  calculate  v  and  then 
could  find  the  acceleration.  If  you  do  this, 
using  the  modern  values  of  the  distance  and 
time,  you  find  that  the  acceleration  of  the 
moon  toward  the  earth  is  0.00272  m/sec2. 

How  does  this  acceleration  compare  with 
the  acceleration  of  an  apple  falling  to  earth? 
If  you  divide  9.8m/sec2  by  0.00272,  you 
find  that  the  result  is  nearly  3600.  Notice 
that,  so  far,  Newton  had  not  used  his  law  of 
gravitation  at  all.  What  he  had  learned  was 
that  the  acceleration  of  a  falling  body  near 
the  earth  is  3600  times  as  great  as  the  accel¬ 
eration  of  the  moon. 

Now  Newton  was  ready  to  test  his  law. 
If  by  using  the  law  of  universal  gravitation 
he  could  prove  the  acceleration  of  a  falling 
apple  toward  the  earth  to  be  3600  times  as 
great  as  the  acceleration  of  the  moon  to¬ 
ward  the  earth,  then  he  would  think  it  very 
likely  that  the  law  was  true.  Here  is  how 
he  did  it: 

First  think  about  the  falling  apple.  It  is 
accelerating  because  of  the  gravitational 
pull  of  the  earth : 

mEmA 

force  between  earth  and  apple  =  Cr - s — 

r 

where  mA  is  the  mass  of  the  apple,  and  r  is 
the  distance  between  the  center  of  the  ap¬ 
ple  and  the  center  of  the  earth,  or  the  radius 
of  the  earth.  This  force  gives  the  apple  its 


High  tide 


High  tide 


Moon  is  in 
this  direction. 
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acceleration  g  and  must  therefore  be  equal  this  fraction  is  3600.  Newton’s  hypothesis 
to  mAg :  about  universal  gravitation  passed  the  test. 


mAg  = 


G 

G 


mEmA 

mE 


Next  think  about  the  moon: 


force  between  the  earth 


and  the  moon  -  G 


mEmM 
~R2 ~ 


where  mE  and  mM  are  the  masses  of  the 
earth  and  the  moon,  respectively,  and  R  is 
the  distance  between  their  centers,  or  the 
radius  of  the  orbit  of  the  moon.  This  un¬ 
balanced  force  gives  the  moon  an  accelera¬ 
tion,  aM. 

force  to  accelerate  the  moon  =  vtimO-m 

The  force  to  accelerate  the  moon  is  sup¬ 
plied  by  the  pull  of  the  earth.  Therefore: 


TriMO-M 


G 


mEm  M 

R2 


CLM 


G 


mE 

R2 


Now  you  have  an  equation  for  the  accelera¬ 
tion  of  the  moon,  based  on  the  law  of  gravi¬ 
tation,  and  an  equation  for  the  acceleration 
of  the  apple,  also  based  on  the  law  of  gravi¬ 
tation.  Divide  one  by  the  other: 


_g_ 

O-M 


- r •  G 


mE 

R2 


The  radius  of  the  moon’s  orbit  ( R )  is  ap¬ 
proximately  240,000  miles.  The  radius  of 
the  earth  (r)  is  approximately  4,000  miles. 

Therefore -^-is  equal  to  60;  the  square  of 


2-15  Newton’s  law  has  been  checked 
many  times.  Newton  could  not  measure  G 
because  the  force  between  two  objects  on 
the  surface  of  the  earth  is  very  small,  and 
he  did  not  have  delicate  enough  instru¬ 
ments  to  measure  this  force.  Two  cars  with 
their  centers  10  feet  apart  would  exert 
forces  on  each  other  of  less  than  one  ten 
thousandth  of  an  ounce.  Two  60,000-ton 
air-craft  carriers,  separated  by  100  yards, 
would  exert  gravitational  forces  on  each 
other  of  approximately  five  pounds. 

However,  forces  much  smaller  than  this 
have  been  measured  between  masses  in  the 
laboratory,  and  thus  Newton’s  law  has  been 
checked  many  times  and  the  value  of  G  de¬ 
termined. 

2-16  Weight  is  a  force.  Weight  is  the 

resultant  of  all  the  gravitational  forces  on 
an  object.  When  you  are  at  sea  level,  you 
are  closer  to  the  center  of  the  earth  and 
you  weigh  more  than  when  you  are  at  the 
top  of  a  mountain.  On  the  moon,  your 
weight  would  be  largely  due  to  the  force 
with  which  the  moon  pulled  on  your  body. 
Since  the  moon  has  a  much  smaller  mass 
than  the  earth  ( about  Ysi ) ,  and  the  distance 
from  the  moon’s  surface  to  its  center  of 
gravity  is  considerably  less  than  the  corre¬ 
sponding  distance  on  earth  (about  27%), 
you  would  weigh  only  about  one  sixth  of 
your  present  weight,  and  you  would  find  it 
very  easy  to  leap  great  distances.  On  Jupi¬ 
ter,  because  of  its  immense  mass,  you  would 
weigh  approximately  two  and  a  half  times 
what  you  do  on  earth.  An  object  weighs 
more  at  the  earth’s  poles  than  it  does  at  the 
equator;  it  is  some  13  mi  closer  to  the  earth’s 
center  at  the  poles  than  at  the  equator. 

Thus  weight  is  not  a  good  physical  stand¬ 
ard;  it  varies  from  place  to  place.  Mass,  on 
the  other  hand,  is  constant,  at  ordinary 
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velocities  even  when  moved  from  place 
to  place. 

The  orbit  of  a  satellite  is  influenced  by 
the  fact  that  the  earth  is  not  a  perfect 
sphere.  Studies  of  satellite  orbits  can  be 
used  to  determine  variations  in  the  shape  of 
the  earth.  They  have  shown  that  the  earth 
not  only  bulges  at  the  equator,  but  is  very 
slightly  wider  in  the  southern  hemisphere 
than  in  the  northern. 

2-17  The  kilogram  of  force  is  used  in 
wei  ghing.  When  you  hang  a  load  on  a 
spring  balance  in  the  laboratory,  you  do  not 
read  the  weight  in  newtons.  Instead  you 
read  it  in  grams  or  kilograms.  When  you 
weigh  an  object  in  kilograms,  you  are  using 
the  kilogram  of  force  (kgf ).  This  is  not  the 
same  thing  as  the  kilogram  of  mass.  A  kilo¬ 
gram  of  force  is  the  force  with  which  the 
earth  pulls  on  a  mass  of  1  kg  under  certain 
circumstances.  This  “under  certain  circum¬ 
stances”  is  important,  because  the  weight  of 
a  body  depends  upon  where  it  is,  as  you 
have  seen.  If  you  go  up  in  a  plane,  your 
weight  decreases  because  you  are  farther 
from  the  center  of  the  earth.  Your  mass, 
however,  remains  the  same. 

The  accepted  definition  of  the  kilogram 
of  force  is  that  it  is  the  weight  of  the  inter¬ 
national  standard  kilogram  when  it  is  in  a 
place  where  g  is  9.80665  m/sec2.  An  easier 
definition,  and  one  almost  as  accurate,  is 
that  a  kilogram  of  force  is  the  weight  of  a 
1-kg  mass  at  sea  level  and  45°  latitude, 
north  or  south. 

Mass  and  weight  are  not  the  same.  Mass 
measures  the  inertia  of  an  object  and  is 
constant  for  all  practical  purposes.  Weight 
measures  the  force  of  attraction  between 
the  object  and  the  earth  or  other  large  ob¬ 
ject.  It  varies  from  place  to  place.  On  the 
surface  of  the  earth,  the  variation  is  about 
one  percent.  In  space,  variations  are  much 
greater. 

The  pound  is  a  unit  of  force.  It  is  legally 
defined  in  the  British  Commonwealth  coun¬ 


tries  in  this  way: 

1  lb  =  0.453  592  37  kgf 

Ordinarily  this  is  rounded  off  to  0.454  kgf. 
One  kgf  is  equal  to  2.20  lb.  See  Example  2. 


EXAMPLE  2 

Convert  a  weight  of  exactly  2000  lb  to  kgf. 

Solution:  W  =  2000  lb 

=  2000  lb  X  1 


1.00  lb 

=  908  kgf,  Answer 


2-18  Force  units  are  related.  The  new¬ 
ton  is  a  force  unit;  the  weight  of  a  kilogram 
can  also  be  used  as  a  force  unit.  How  are 
these  two  related? 

Think  about  a  1-kg  mass  as  it  falls.  In 
this  case,  F  is  the  weight,  which  may  be 
represented  by  W.  The  acceleration  is  g, 
because  the  object  is  falling.  The  force 
equation  then  becomes: 

W  =  mg 

Substituting  values: 

W  —  1  kg  X  9.8  m  sec' 

=  9.8  kg  m  sec' 

=  9.8  N 

Thus  the  weight  of  a  1-kg  mass  at  the  sur¬ 
face  of  the  earth  is  9.8  N,  and  therefore 
1  kgf  must  equal  9.8  N.  More  precisely: 

1  kgf  =  9.80665N 

If  you  have  made  some  measurements  in 
kilograms  of  force,  you  can  avoid  having  to 
change  them  to  newtons  before  using  F  = 
ma,  if  you  first  make  a  change  in  the  equa¬ 
tion.  Since  W  =  mg,  then  m  =  W/g.  Sub¬ 
stitute  this  in  F  —  ma  and  you  have: 

Wa 

F  =  - 

a 
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2-19  Inertial  mass  is  proportional  to 
gravitational  mass.  You  can  find  out 

whether  two  masses  are  equal  by  seeing 
whether  both  receive  the  same  accelera¬ 
tion  when  equal  forces  are  applied.  How¬ 
ever,  this  is  not  the  usual  way  to  compare 
masses.  Ordinarily  you  do  it  by  weighing 
them.  If  the  force  of  attraction  of  the  earth 
for  each  of  them  is  the  same  when  both  are 
in  the  same  location,  then  you  say  that  they 
have  equal  masses. 

Actually  you  have  not  measured  their 
masses  at  all.  What  you  have  done  is  to 
compare  the  forces  acting  on  them.  How¬ 
ever,  the  remarkable  fact  is  that  whenever 
you  do  this  you  come  out  with  the  right 
answer.  Apparently  the  mass  as  measured 
by  inertia  (inertial  mass)  is  quantitatively 
equal  to  mass  as  measured  by  gravitational 
attraction  (gravitational  mass). 

Perhaps  this  does  not  seem  remarkable  to 
you  because  you  are  used  to  the  idea.  This 
equality  does  not  apply  to  other  forces, 
however.  For  example,  one  magnet  may  be 
much  stronger  than  another,  despite  the 
fact  that  both  have  the  same  inertial  mass. 

Galileo  discovered  that  falling  objects  of 
different  masses  accelerate  at  the  same 
rate.  They  do  so  because  of  the  equivalence 
of  gravitational  and  inertial  masses.  If  one 
object,  X,  has  twice  as  much  gravitational 
mass  as  another,  Y,  when  they  fall,  X  is  ac¬ 
celerated  by  twice  as  great  a  force.  How¬ 
ever,  because  X  also  has  twice  as  great  an 
inertial  mass,  its  resistance  to  acceleration  is 
also  twice  as  great.  Therefore  X  and  Y  ac¬ 
celerate  at  the  same  rate. 

2-20  Various  systems  of  mass  and 
force  units  are  in  use.  So  far  the  discussion 
of  mass  and  force  units  in  this  chapter  has 
been  limited  to  the  mks  system.  Life  would 
be  much  simpler  if  the  world  had  a  single 
system  of  units,  but  this  is  not  the  case.  The 
metric  system  has  two  sets  of  units,  the  mks 
and  cgs.  There  are  also  English  units.  Here 
is  a  summary  of  the  units  used  in  this  book. 


Absolute  System  of  Units 

In  these  systems,  mass  is  considered  to  be 
a  fundamental  quantity  and  force  a  derived 
quantity. 

mks  system  (meter-kilogram-second) 

The  unit  of  mass  is  the  kilogram,  equal 
to  the  mass  of  the  standard  kilogram  in 
France.  Any  object  possessing  the  same 
inertia  as  the  standard  kilogram  has  a 
mass  of  1  kg. 

The  unit  of  force  is  the  newton,  which 
is  the  force  that  gives  an  acceleration  of 
1  m/sec2  to  a  mass  of  1  kg. 

1  N  =  1  kg  •  m/sec2  9.81  N  =  1  kgf 
cgs  system  (centimeter-gram-second) 

The  unit  of  mass  is  the  gram  (g ),  de¬ 
fined  as  exactly  0.001  of  the  mass  of  the 
standard  kilogram. 

The  unit  of  force  is  the  dyne,  defined 
as  the  force  that  gives  an  acceleration  of 
1  centimeter  ( cm )  / sec2  to  a  mass  of  1  g. 
This  is  an  extremely  small  force.  One 
paper  clip  has  a  weight  of  approximately 

500  dynes.  1  dyne  =  1  g  •  cm/sec2. 

981  dynes  =  1  gf.* 

Gravitational  System  of  Units 

In  a  gravitational  system,  force  is  con¬ 
sidered  to  be  a  fundamental  quantity  and 
mass  a  derived  quantity. 

British  engineering  system 

The  unit  of  force  is  the  pound.  The 
pound  of  force  is  defined  as  the  weight 
of  0.45359237  of  the  standard  kilogram 
when  the  weighing  is  done  at  a  place 
where  the  acceleration  of  gravity  is  32.174 
ft/sec2.  For  all  practical  purposes  such  a 
location  is  at  45°  N  or  S  latitude,  at  sea 
level.  Notice  that  the  same  standard 
object,  the  international  kilogram  in 

°  Since  the  kilogram  of  force  is  measured  where 
g  =  980.665  cm/sec2,  the  gram  of  force  actually 
equals  981  dynes  to  3  significant  digits.  However, 
you  may  use  980  as  a  reasonably  accurate  figure. 
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France,  can  be  either  a  standard  for  mass 
or  a  standard  for  force. 

The  unit  of  mass  is  the  slug .  This  is  the 
mass  that  will  be  given  an  acceleration  of 
1  ft/sec2  by  a  force  of  1  lb.  Since  a  force 
of  1  lb  gives  an  acceleration  of  approxi¬ 
mately  32ft/sec2  to  a  mass  of  lib,  the 
slug  must  be  equal  to  approximately  32  lb 
of  mass.  Rewriting  F  =  ma  as  m  =  F/a, 
you  can  see  that 


1  slug  =  1 


lb 

ft/ sec2 


or  1 


lb  •  sec2 

IT 


From  the  point  of  view  of  the  laws  of 
motion,  one  of  these  systems  is  as  good  as 
the  next.  F  =  ma  is  true  for  all  of  them. 


So  is  W  =  mg. 


So  is  F  = 


Wa 

g 


For  scientific  work  the  cgs  system  was  the 
favorite  for  a  long  time.  It  is  now  being 
supplanted  by  the  mks  system  because  the 
size  of  the  newton  is  such  that  human 
beings  can  experience  it  in  daily  life,  and 
because  electrical  units  in  this  system  are 
also  of  a  practical  size. 

For  engineering  work  in  English-speak¬ 
ing  countries,  the  British  engineering  sys¬ 
tem  is  the  favorite,  and  it  is  also,  in  a 
slightly  modified  form,  the  one  used  in  daily 
life.  You  may  never  have  heard  of  the  slug, 
but  engineers  use  it.  Howeyer,  you  can 
avoid  having  to  work  with  it  if  you  use  the 

Wa 

second-law  equation  in  the  form:  F  = - . 

(1 

fc-> 

Study  the  table  below  and  the  examples  on 
the  next  page. 


Table 

2-1  COMPARISON  OF  FORCE 

AND  MASS  UNITS 

IN  VARIOUS  SYSTEMS 

System 

Force 

Mass 

mks 

kgm 

Newton  (N)  =  9 

sec 

Kilogram  (kg) 

Approximately  equal  to  the 

Approximately  equal  to  the 

weight  of  1  8  new  lead  pencils 

mass  of  176  new  lead  pencils 

or  1  80  ordinary  paper  clips 

1  N  =  3.6  oz 

1  kgf  -  9.8  N 

or  1760  ordinary  paper  clips 

cgs 

gem 

Dyne  (dyn)  —  2 

sec 

Gram  (g) 

Approximately  equal  to  the 

Approximately  equal  to  the 

weight  of  0.002  paper  clip 

1  gf  =  980  dyn 

mass  of  two  paper  clips 

British 

Pound  (lb) 

C/1 

c 

<o 

II 

cr 

-+,  t" 

•*  CD 

O 

to 

engineering 

Approximately  equal  to  the 
weight  of  800  paper  clips 
or  80  pencils 

Approximately  equal  to  the 
mass  of  26,000  paper  clips  or 
2600  pencils 

1  slug  =  32  lb  of  mass 

Self  Check 


EXAMPLE  3 


What  force  is  necessary  to  accelerate  a  200-g  ball 
at  80  cm/sec2? 

Given:  m  =  200  g  a  =  80  cm,/ sec2 

To  find:  V 

Solution:  F  =  ma 

=  200  g  X  80  cm/sec2 
=  1.6  X  1 04  g-cm/sec2 
=  1.6  X  1  04  dynes,  Answer 


EXAMPLE  4 


What  force  is  necessary  to  accelerate  a  2000-lb 
car  at  50  ft  sec2?  Solve  using  British  engineering 
system. 

1  slug 


Given:  m  =  2000  lb  X  —  =  62  slugs 

32  lb 

a  =  50  ft/sec2 
To  find:  F 

Solution:  F  =  ma 

=  62  slugs  X  50  ft  sec2 
=  3.1  X  1  0  s  slug-ft/sec2 

lb  •  sec2 

But  1  slug  =1  •  Therefore 

ft 


F  =  3.1  X  10: 


lb  •  sec2 


X 


ft 


ft  sec' 

=  3.1  X  1  03  lb,  Answer 


1 .  Why  did  Newton’s  law  of  gravitation  rep- 
present  a  radical  change  in  the  way  of 
thinking  about  the  universe? 

2.  Does  a  1-kg  weight  in  the  physics  labora¬ 
tory  exert  a  force  on  the  sun? 

3.  If  you  move  an  object  from  the  earth  to 
the  moon,  what  happens  to  its  weight? 
Why? 

4.  Compare  your  weight  in  Calgary  with 
your  weight  at  the  top  of  Sulphur  Mountain, 
in  Banff. 

5.  Compare  your  mass  in  Calgary  with  your 
mass  at  the  top  of  Sulphur  Mountain,  in 
Banff. 

6.  Is  it  possible  to  measure  the  gravitational 
attraction  between  objects  small  enough 
to  put  into  a  schoolroom? 

7.  Compare  your  weight  at  noon  when  the 
moon  is  new  with  your  weight  at  midnight 
when  the  moon  is  new. 

8.  What  is  the  weight  in  newtons  of  a  10-kg 
mass? 

9.  What  is  the  weight  in  kilograms  of  force 
of  a  10-kg  mass? 

1 0.  What  is  the  distinctive  characteristic  of  an 
absolute  system  of  units? 

1 1 .  Define  the  kilogram  of  force. 

12.  What  is  the  unit  of  mass  in  the  British 
engineering  system? 

13.  Give  an  equation  for  the  weight  of  any 
object  when  the  mass  is  known. 

14.  Give  an  equation  expressing  Newton’s 
second  law  without  mass  units. 


EXAMPLE  5 

What  force  is  necessary  to  accelerate  a  2000-lb 
car  at  50  ft  sec'?  Solve  using  British  engineering 
system  but  without  using  slugs. 

Given:  IT  =  2000  lb 

a  —  50  ft  sec2 

T o  find:  F 

Solution:  F  =  - 

g 

2000  lb  X  50  ft/sec2 
32  ft/sec2 

=  3.1  X  103  lb,  Answer 


Problems 


fl .  An  object  has  a  weight  of  720  N  at 
surface  of  the  earth.  What  will  it  weigh 
when  it  is  2000  mi  above  the  surface  of  the 
earth?  Take  the  radius  of  the  earth  as  4000  mi. 

2.  If  you  weigh  100  lb  on  the  earth, 
what  would  you  weigh  on  a  planet  with  a 
mass  300  times  that  of  the  earth  and  a  radius 
10  times  that  of  the  earth?  (Data  roughly 
similar  to  Jupiter.) 

3.  Find  the  weight  in  newtons  of  a 
300-kg  mass. 
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4.  An  object  weighs  576  lb.  What  is  its 
mass  in  slugs? 

5.  What  is  the  acceleration  of  a  2000-lcg 
mass  if  it  is  pulled  by  an  imbalanced  force  of 
100  kgf? 

6.  What  is  the  acceleration  of  a  100-lb 
box  if  the  unbalanced  force  applied  is  5.0  lb? 

7.  What  force  is  required  to  stop  a 
2400-lb  car  in  30  sec  if  the  car  is  traveling  at 
60  mi/hr? 

8.  A  flier  is  accelerated  upward  with  an 
acceleration  equal  to  8.00  g.  Find  his  accelera¬ 
tion  in  (a)  m/sec2;  (b)  ft/sec2,  (c)  If  he 
weighs  150  lb,  what  is  the  force  that  accelerates 
him?  (d)  How  many  times  his  weight  is  this 
force?  (e)  What  is  the  total  upward  force  on 
his  body? 

9.  The  first  United  States  earth  satellite 
rose  to  an  altitude  of  53  mi  in  145  sec.  With 
its  missile  assembly  it  weighed  65,000  lb.  As¬ 
suming  that  it  accelerated  uniformly,  compute 
the  acceleration  and  the  force  necessary  to  give 
it  this  acceleration.  It  is  reported  that  the 
first-stage  rocket  had  a  thrust  of  78,000  lb. 


How  do  you  account  for  the  fact  that  your 
result  does  not  agree  with  this? 

10.  The  radius  of  the  earth  is  approxi¬ 
mately  6,400,000  m.  Use  this  fact  plus  the 
fact  that  the  gravitational  pull  of  the  earth  on 
a  1-kg  mass  at  its  surface  is  9.8  N  to  find  the 
mass  of  the  earth. 


Discussion  Questions 


1 .  If  Newton’s  law  of  gravitation  is  true,  then 
if  you  move  a  book  from  one  side  of  a  table 
to  the  other,  this  should  affect  the  movement 
of  a  star  billions  of  miles  away.  Could  this 
effect  be  measured?  What  reasons  are  there 
for  believing  that  you  probably  do  influence 
the  stars  when  you  move? 

2.  In  addition  to  the  variations  in  weight  of  an 
object  due  to  altitude  and  latitude  changes, 
there  are  local  variations  not  caused  by 
changes  in  the  distance  to  the  center  of  the 
earth.  What  might  cause  these  variations? 

3.  Why  is  an  experiment  to  measure  G  some¬ 
times  called  “weighing  the  earth?” 


Actions  Produce  Reactions 


2-21  Every  force  is  accompanied  by 
an  opposite  force.  When  you  hit  a  ball 
with  a  bat,  the  bat  exerts  a  force  on  the 
ball.  At  the  same  time,  the  ball  exerts  a 
force  on  the  bat.  These  two  forces  are 
equal  in  magnitude  but  opposite  in  direc¬ 
tion. 

If  you  suspend  a  picture  from  a  picture 
hook,  the  wire  exerts  a  downward  force  on 
the  hook.  The  hook  pulls  upward  on  the 
wire  with  an  equal  force. 

These  are  examples  of  Newton’s  third 
law  of  motion,  which  states  that  if  one 
object  applies  a  force  to  another,  the  second 
object  applies  an  equal  and  opposite  force 
to  the  first  object.  This  law  is  sometimes 
abbreviated  thus:  For  every  action  there  is 
an  equal  and  opposite  reaction. 


Another  example  is  the  man  on  page  26 
wearing  a  rocket-powered  jump  belt.  As  a 
result  of  the  burning  inside  the  rockets, 
gas  is  pushed  out  at  high  velocity.  The 
escaping  gas  pushes  on  the  rockets,  forcing 
them  and  the  man  carrying  them  up  into 
the  air.  If  the  force  of  the  expanding  gas  on 
the  rocket  equals  the  force  of  the  rocket  on 
the  gas,  how  can  the  rocket  get  the  un¬ 
balanced  force  for  acceleration?  If  the  two 
forces  are  equal  and  opposite,  why  don’t 
they  cancel  each  other  out  and  produce 
equilibrium? 

The  answer  to  this  question  is  that  the 
two  forces  may  be  equal,  but  because  they 
act  on  different  objects,  the  forces  are  not 
balanced.  The  force  of  the  rocket  on  the 
gas  is  an  unbalanced  force  accelerating  the 


force  of 
bullet  on 
gun 


force  of 
gun  on 
bullet 


F 


F 


a.  The  exploding  gunpowder  exerts  a  force 
that  accelerates  the  bullet  out  the  barrel  of 
the  gun.  The  bullet  exerts  a  backward 
force  that  the  hunter  feels  as  a  “kick.” 


Upward  force  exerted  on  this 
rocket  by  escaping  gas  sends 
the  rocket  up  in  the  air. 


Pressure  of  expanding  gas 
exerts  a  force  in  this  direction 
that  sends  some  of  the  gas  out 
of  the  nozzle. 


c.  These  two  forces  are  equal  and  opposite, 
but  unbalanced  because  they  act  on  differ¬ 
ent  objects.  The  downward  F  accelerates 
the  gas.  The  upward  F  accelerates  the 
rocket. 


b.  When  a  bat  hits  a  ball,  the  bat  exerts  a 
force  on  the  ball  and  the  ball  exerts  an 
equal  and  opposite  force  on  the  bat.  These 
forces  are  not  balanced  because  they  act 
on  different  objects. 


d.  You  can  make  a  simple  rocket  by  blowing 
up  a  balloon  and  then  letting  it  go. 


Figure  2-9  Newton’s  third  law  of  motion. 


gas  downward.  The  force  of  the  gas  on  the 
rocket  is  another  unbalanced  force,  accel¬ 
erating  the  rocket  upward.  Figure  2-9 
shows  examples  of  third-law  forces. 

2-22  The  third  law  applies  to  momen¬ 
tum  as  well  as  force.  Consider  the  bullet 


and  gun  of  Fig.  2-9.  According  to  the  third 
law: 

magnitude  of  force  _  magnitude  of  force 
of  gun  on  bullet  of  bullet  on  gun 
The  effect  of  the  first  force  is  to  accelerate 
the  bullet  forward;  of  the  second  and  equal 
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force,  to  accelerate  the  gun  backwards. 
Newton’s  second  law  states  that  the  rate  of 
change  of  momentum  is  proportional  to  the 
force  (p.  34) : 

A  [mv) 

r  =  - 

At 

Substituting  this  in  the  equation  at  the  bot¬ 
tom  of  the  previous  page: 

A  [mv]  of  bullet  A  (mv)  of  gun 

At  ~  At 

The  time  interval  is  the  same  for  the  bullet 
and  for  the  gun  because  the  equal  and  op¬ 
posite  forces  act  only  while  the  bullet  is 
inside  the  barrel  of  the  gun.  Therefore  the 
equation  above  is  simplified  to: 

A  (mv)  of  bullet  =  A  (mv)  of  gun 

Thus  when  two  bodies  interact,  the  change 
of  momentum  of  one  body  is  equal  and  op¬ 
posite  to  the  change  of  momentum  of  the 
other.  See  Example  6  at  the  right. 

Note  that  it  is  not  necessary  to  put  all 
units  in  the  same  system.  The  masses  are 
in  grams  (cgs  units)  and  the  velocities  in 
m/sec  (mks  units).  The  only  requirement 
is  that  both  masses  be  in  the  same  units 
and  that  both  velocities  be  in  the  same 
units. 

Momentum  is  a  vector  quantity,  as  was 
pointed  out  earlier.  In  the  case  of  the  bullet 
and  gun  the  two  momenta  are  equal  in 
magnitude  and  opposite  in  direction.  If 
they  are  added,  the  sum  is  zero.  Before  the 
explosion  of  the  gunpowder,  the  momen¬ 
tum  was  zero.  After  the  explosion,  the  sum 
of  the  momenta  is  zero.  This  illustrates  one 
of  the  important  laws  of  physics,  the  law  of 
conservation  of  momentum.  In  any  group 
of  objects  that  act  upon  each  other,  the 
total  momentum  before  the  action  equals 
the  total  momentum  after  the  action.  This 
is  true  even  when  the  objects  are  moving 
at  the  start. 

In  the  case  of  the  bullet  and  the  gun  the 
bullet  is  very  small  compared  with  the  gun. 
Therefore  the  gun  has  a  very  small  velocity 


compared  with  that  of  the  bullet.  It  is  in¬ 
teresting  to  think  of  the  earth  and  yourself 
as  the  gun  and  bullet.  When  you  jump,  you 
exert  a  force  down  on  the  earth.  The  earth 
exerts  an  equal  and  opposite  force  upward. 
This  force  accelerates  you  and  gives  you  a 
momentum. 

But  what  about  the  earth?  Since  you 
exerted  an  unbalanced  force  upon  it,  it 
must  be  accelerated  away  from  you  and 
must  have  a  momentum  equal  to  yours. 
The  earth  is  so  enormous  compared  with 
you  that  its  velocity  is  too  small  to  measure, 
but  there  is  no  doubt  that  you  move  it 
whenever  you  jump.  The  gravitational 
force  between  you  and  the  earth  pulls  you 
together  again.  You  and  the  earth  fall  to¬ 
ward  each  other.  From  now  on,  whenever 
you  walk,  run,  or  jump,  you  can  remind 
yourself  that  you  are  pushing  the  earth 
around. 


EXAMPLE  6 

A  bullet  with  a  mass  of  1 0  g  is  shot  horizontally 
from  a  gun  with  a  mass  of  2.0  kg.  The  muzzle 
velocity  of  the  bullet  with  respect  to  the  earth  is 
500  m/sec.  What  is  the  recoil  velocity  of  the  gun 
if  the  gun  is  mounted  on  frictionless,  massless  rollers? 

Given:  Mass  of  bullet  =  1  0  g 

Mass  of  gun  =  2.0  kg 

=  2.0  X  103  g 

Final  v  of  bullet  =  500  m/sec 
Initial  v  of  bullet  =  0 
Initial  V  of  gun  =  0 

To  find:  Final  v  of  gun 

Solution:  A  (mv)  of  gun  =  A(mt')  of  bullet 

2.0  X  103gX(»-  0) 

=  lOgX 


2.0  X  1 03  g  sec 
=  2.5  m/sec,  Answer 
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2-23  The  law  of  conservation  of  mo¬ 
mentum  applies  to  collisions.  Imagine  that 
a  4.0-ton  truck  and  a  1.0-ton  car  have  col¬ 
lided.  The  two  vehicles  become  entangled 
and  skid  off  the  road  together.  Fortunately 
the  two  drivers  are  not  hurt.  Instead  they 
are  spoiling  for  a  fight  as  they  leap  to  the 
ground.  As  the  police  arrive,  each  indig¬ 
nantly  protests  his  innocence.  “I  was  doing 
30  and  this  hot-rod  comes  tearing  up  out  of 
nowhere.  He  must  have  been  doing  60,” 
says  the  truck  driver.  “That’s  a  good  one,” 
says  the  car  driver.  “I  was  the  one  doing 
30  and  he  was  doing  60,  and  if  you  want 
proof,  just  look  at  the  skid  marks.”  The 
police  plotted  the  diagram  shown  in  Fig. 
2-10  below. 

Later  the  police  used  the  law  of  conser¬ 
vation  of  momentum  to  check  on  the  facts. 
They  knew  that  the  sum  of  the  two  mo¬ 
menta  before  the  collision  is  equal  to  the 
momentum  after  the  collision.  First  they 
figured  the  original  momenta: 

If  the  car  driver  were  telling  the  truth: 

Car's  momentum  was 

1.0  T  X  30  mi/hr  =  30  T-mi/hr 

Truck’s  momentum  was 

4.0  T  X  60  mi/hr  =  240  T-mi/hr 


mv  of 
car  at 
30  mi/hr 

a.  This  would  be  the  situation  if  the  car 
driver  were  telling  the  truth. 


mv  of  truck  at  60  mi/hr 


mv  of 
car  at 
60  mi/hr 


mv  of  truck  at  30  mi/hr 

b.  This  would  be  the  situation  if  the  truck 
driver  were  telling  the  truth. 


mv  of 
car 

mv  of  truck 

c.  This  drawing,  using  the  correct  angle, 
shows  that  the  truck's  momentum  was  2.7 
times  that  of  the  car.  Therefore  the  truck’s 
velocity  was  0.68  that  of  the  car.  From 
this  diagram  it  is  impossible  to  determine 
the  true  velocities.  One  velocity  must  be 
known  in  order  to  calculate  the  other. 

Fig  ure  2-11  Which  driver  was  lying  about 
the  accident? 


Fig  ure  2-10  This  diagram  shows  what  the 
police  were  able  to  learn  about  the  collision 
of  a  truck  and  a  car. 


If  the  truck  driver  were  telling  the  truth: 

Car’s  momentum  was 

1 .0  T  X  60  mi/hr  =  60  T-mi/hr 

Truck’s  momentum  was 

4.0  T  X  30  mi/hr  =  120  T-mi/hr 

Remembering  that  momentum  is  a  vec¬ 
tor,  they  drew  the  vectors  for  each  possi¬ 
bility.  The  momentum  after  the  collision 
was  equal  to  the  vector  sum.  The  diagrams 
are  shown  in  Fig.  2-11.  If  the  car  driver 
had  told  the  truth,  the  skid  marks  should 
have  been  at  an  angle  of  7°.  If  the  truck 
driver  had  told  the  truth,  the  skid  marks 
should  have  been  at  an  angle  of  26.5°.  Ob¬ 
viously  each  man  was  dressing  up  the  story 
a  bit  to  favor  himself.  Finally  the  police 
drew  the  last  diagram  of  Fig.  2-11  and 


discovered  that  the  momentum  of  the  truck 
had  been  about  2.7  times  the  momentum  of 
the  car. 

momentum  of  truck  =  2.7  X  momentum  of  car 
4.0  T  X  velocity  of  truck 

=  2.7  X  1 .0  T  X  velocity  of  car 

velocity  of  truck  =  0.68  X  velocity  of  car 
Therefore  they  knew  that  the  truck  driver 
came  nearer  to  telling  the  truth  than  the 
other  man.  The  truck  was  traveling  more 
slowly  than  the  car.  They  did  not  have 
enough  information  to  determine  the  exact 
velocity  of  either  vehicle. 

Calculations  like  these  are  important  also 
to  nuclear  physicists.  In  special  photo¬ 
graphs  like  those  on  pages  96  and  122 
( Chapters  4  and  5 ) ,  they  observe  the  tracks 
made  by  tiny  particles  when  they  collide. 
Sometimes  the  mass  and  speed  of  one  of  the 
particles  both  before  and  after  the  collision 
are  known.  Then  the  momentum  change 
experienced  by  the  other  particle  can  be 
calculated.  Using  also  other  information 
gained  from  the  length  and  thickness  of  the 
tracks,  scientists  are  sometimes  able  to  de¬ 
termine  the  mass  and  velocity  of  the  second 
particle. 

2-24  Objects  moving  in  a  curved  path 
illustrate  all  three  laws  of  motion.  If  you 

tie  a  heavy  ball  to  the  end  of  a  string  and 
whirl  it  in  a  circle  on  the  floor,  what  path 
will  the  ball  take  when  you  let  go  of  the 
string?  Many  people  think  it  will  go  straight 
out,  but  they  are  mistaken. 

Figure  2-12  is  an  illustration  showing 
what  happens.  The  ball  will  travel  in  a 
straight  line  in  the  direction  in  which  it  was 
going  when  it  was  released.  This  is  not 
surprising,  for  Newton’s  first  law  says  that 
when  there  is  no  unbalanced  force  a  body 
will  travel  with  uniform  speed  in  a  straight 
line.  All  three  of  Newton’s  laws  are  illus¬ 
trated  by  the  whirling  ball. 

The  ball  you  see  in  Fig.  2-12  moves  in 
a  circular  path  because  the  string  pulls  it. 
The  pull  is  perpendicular  to  the  velocity  of 


whirled  on  a  horizontal  surface  by  means  of 
a  string  travels  in  a  straight  line  when  it  is 
suddenly  released. 

the  ball;  this  pull  is  called  centripetal  force. 
Centripetal  force  is  always  directed  toward 
the  center  of  rotation.  As  a  result  of  this 
force,  the  velocity  changes  direction.  A 

change  in  direction  is  an  acceleration  and, 
as  stated  on  p.  11,  its  magnitude  is  v2r, 
where  r  is  the  radius  of  the  curve.  Ac¬ 
cording  to  Newton’s  second  law,  F  =  ma. 
Therefore 

v - 

centripetal  force  =  ma  =  m  —  = 

r 

Wv2  (  TF\ 

-  I  since  m  =  —  1 

gr  \  g  / 

Due  to  its  inertia,  the  whirling  ball 
exerts  a  reaction  force  outward  on  the 
string.  You  can  feel  this  pull  if  you  are  hold¬ 
ing  the  string.  The  pull  is  called  centrifugal 
force.  (Remember  that  fugitives  run  away 
to  help  you  remember  that  centri/ugal  force 
is  force  away  from  the  center. )  Centripetal 
and  centrifugal  forces  are  third-law  forces 
that  are  always  equal  in  magnitude  and 
opposite  in  direction.  Therefore  the  magni¬ 
tude  of  the  centrifugal  force  can  be  calcu¬ 
lated  from  the  same  equation. 

Centripetal  and  centrifugal  forces  are  not 
balanced  forces,  because  they  act  on  differ¬ 
ent  objects.  In  the  case  of  the  whirling  ball, 
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Figure  2—13  The  centripetal  force  that  turns 
this  car  is  supplied  by  the  horizontal  com¬ 
ponents  of  the  forces  shown.  The  vertical 
components  of  these  forces  support  the  weight 
of  the  car. 

centrifugal  force  acts  on  the  string  and 
centripetal  force  acts  on  the  ball. 

For  a  car  to  round  a  curve,  a  road  must 
exert  an  inward,  centripetal  force  on  the 
car.  This  force  turns  the  car.  The  road  can 
exert  this  force  either  because  of  the  fric¬ 
tion  between  tires  and  road,  or  by  being 
banked  as  in  Fig.  2-13. 

Suppose  your  car  safely  rounds  a  curve 
at  20  mi/hr.  Friction  with  the  road  and 
banking  are  sufficient  to  supply  the  neces¬ 
sary  centripetal  force.  What  if  you  round 
the  curve  at  40  mi/hr?  Your  velocity  is 
twice  as  great,  but  since  v  is  squared  in  the 
force  equation,  the  force  needed  is  22,  or  4 
times  as  great.  If  you  travel  at  60  mi/hr, 
you  have  a  velocity  three  times  as  great  as 
20  mi/hr  and  therefore  need  a  force  that  is 
32  or  9  times  as  great.  If  there  is  not  enough 
friction  or  if  the  road  is  not  banked  steeply 
enough,  the  car  will  skid  at  the  higher 
speeds. 


Notice  that  the  radius  of  the  curve  is  in 
the  denominator  of  the  force  equation.  The 
necessary  force  will  be  small,  at  a  particular 
velocity,  if  r  is  very  large.  It  is  easier  to 
turn  in  a  large  curve  than  in  a  tight  one. 
If  you  try  to  turn  a  bicycle  in  a  very  small 
circle,  you  may  skid.  Here  r  is  very  small, 
so  the  force  needed  is  very  large.  You  skid 
when  the  force  of  friction  between  your 
wheels  and  the  road  is  less  than  the  force 
you  need  to  make  the  turn. 

2-25  Objects  in  space  have  elliptical 
paths.  If  you  throw  a  baseball,  it  curves 
along  a  parabola.  If  you  shoot  a  gun,  the 
bullet  also  travels  along  a  parabola,  but  a 
larger  one.  Because  the  earth  itself  curves, 
the  direction  of  the  gravitational  pull  on  a 
long-range  missile  changes  and  the  path  of 
the  missile  is  not  a  parabola. 

A  missile  may  travel  nearly  a  quarter  of 
the  way  around  the  earth  before  returning 
to  the  surface.  If  the  earth  were  not  in  the 
way,  the  complete  path  of  the  missile  would 
be  a  closed  curve.  If  the  speed  of  the  mis¬ 
sile  increases,  it  goes  farther  before  return¬ 
ing  to  earth.  Finally,  at  a  speed  of  about 
18,000  mi/hr,  the  rocket  will  go  into  orbit 
around  the  earth,  becoming  an  artificial 
satellite. 

Now  let  the  speed  increase  again.  The 
orbit  becomes  an  ellipse  with  the  center  of 
the  earth  at  one  focus.  Figure  2-14  shows 
how  an  ellipse  can  be  constructed  and  what 
is  meant  by  a  focus.  Satellites  with  greater 
and  greater  speeds  travel  in  longer  and 


Figure  2—14  An  ellipse  may  be  made  by 
using  a  pencil  and  a  loop  of  string  around  two 
nails  as  shown.  The  two  nails  are  at  the  foci 


(plural  of  focus)  of  the  ellipse. 
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longer  ellipses.  At  a  speed  of  approxi¬ 
mately  25,000  mi/hr,  the  rocket  escapes  en¬ 
tirely  from  the  earth,  never  to  return. 

A  rocket  that  escapes  from  the  earth  will 
have  a  complicated  motion  because  gravi¬ 
tational  forces  due  to  the  moon,  other 
planets,  and  the  sun  become  more  impor¬ 
tant  when  the  rocket  is  far  from  the  earth. 
The  moon,  for  example,  can  change  the 
path  of  a  satellite  aimed  to  go  around  it, 
and  send  the  satellite  off  on  an  orbit  around 
the  sun  instead  of  on  the  return  trip  to 
earth.  An  error  of  only  a  few  miles  per  hour 
in  final  speed  or  a  degree  in  direction  can 
completely  change  the  desired  path. 

Planets  follow  elliptical  paths  in  their 
journeys  around  the  sun.  Likewise  the 
moon’s  path  around  the  earth  is  an  ellipse. 
The  sun  is  at  one  focus  of  the  earth’s  orbit. 
Nothing  is  at  the  other  focus. 


Self  Check 


1.  You  lean  up  against  a  wall  with  a  force  of 
10  lb.  What  is  the  reaction  force?  Give 
its  magnitude,  direction,  and  the  object  on 
which  it  acts. 

2.  When  a  bat  hits  a  ball,  what  are  the  two 
forces  that  act? 

3.  Why  do  these  two  forces  not  produce 
equilibrium? 

4.  Compare  the  momentum  of  a  bullet  with 
the  momentum  of  the  gun  from  which  it 
has  just  been  fired? 

5.  What  law  of  physics  is  illustrated  by  the 
bullet  and  gun? 

6.  Give  two  practical  applications  of  this  law. 

7.  A  car  skids  while  rounding  a  curve.  Will  it 
skid  toward  the  outside  of  the  curve,  to¬ 
ward  the  inside  of  the  curve,  or  down  the 
middle  of  the  road? 

8.  What  force  turns  a  railroad  train  around 
a  curve? 

9.  Is  the  gravitational  pull  of  the  earth  on  the 
sun  a  centrifugal  or  a  centripetal  force? 

10.  Are  centrifugal  and  centripetal  forces 
larger  for  a  sharp  curve  or  for  a  wide 
curve? 


1 1 .  What  effect  does  doubling  the  velocity 
have  on  centripetal  and  centrifugal  forces? 

1 2.  What  is  the  shape  of  the  orbit  of  a  satellite? 


Problems 


1.  If  you  weigh  120  lb  and  are  running 
at  10  ft/ sec  at  the  moment  when  you  jump 
onto  a  sled  that  has  a  weight  of  10  lb,  what  will 
be  the  velocity  of  you  and  the  sled?  Assume 
the  sled  was  originally  at  rest,  that  it  is  on 
level  snow,  and  that  there  is  no  friction. 

2.  Somehow  you  have  become  lost  in 
space  all  by  yourself.  You  have  on  a  space 
suit  with  a  good  supply  of  oxygen.  Altogether 
you  and  your  suit  have  a  mass  of  150  kg.  Not 
counted  in  this  mass  is  a  2.0-kg  tool  that  you 
were  clutching  when  you  became  separated 
from  your  space  ship.  You  seem  to  have  zero 
velocity  with  respect  to  the  earth,  and  you 
would  like  to  get  there.  You  throw  your  tool  in 
the  direction  away  from  earth  at  a  velocity  of 
10  m/ sec.  If  you  are  5000  km  away  from  the 
earth,  how  long  does  it  take  you  to  get  home? 
Assume  that  you  threw  the  tool  in  the  right 
direction  and  ignore,  for  the  moment,  the 
gravitational  pull  of  the  earth. 

3.  A  1000-kg  car  rounds  a  curve  at  20 
m/ sec.  If  the  curve  has  a  radius  of  40  m,  what 
centripetal  force  must  be  supplied  to  keep  the 
car  from  skidding? 

4.  When  you  whirl  a  weight  on  a  cord 
in  a  vertical  circle,  you  find  that  you  do  not 
need  to  supply  a  centripetal  force  when  the 
weight  is  at  the  top  of  its  curve.  This  is  be¬ 
cause  the  weight  of  the  object  itself  supplies 
the  necessary  force.  How  fast  would  you  have 
to  swing  a  2.0-kg  weight  so  that  it  will  just 
make  the  proper  circle  if  the  radius  of  the 
circle  is  80  cm? 


5.  A  100-g  ball  traveling  horizontally  in 
a  straight  groove  at  200  cm/ sec,  strikes  a  400-g 
ball.  After  the  collision,  the  first  ball  rebounds 
at  120  cm/sec,  while  the  other  is  sent  forward. 
Calculate  the  velocity  of  the  second  ball. 

6.  A  projectile  will  orbit  the  earth  in  a 
circular  orbit  if  it  is  fired  horizontally  with  a 
velocity  such  that  its  weight  is  exactly  equal 
to  the  centripetal  force  necessary  for  an  orbit 


52 


CHAPTER  TWO 


of  that  radius.  Assume  that  a  projectile  has 
been  fired  horizontally  at  a  height  sufficient  to 
avoid  its  running  into  mountains.  Calculate  the 
necessary  velocity  in  mi/sec.  Radius  of  the 
earth  is  approximately  4000  mi.  Take  g  as 
32  ft/sec2.  Ignore  air  friction. 


Discussion  Questions 


1 .  A  fireman  holding  a  heavy  hose  from  which 
water  is  spurting  leans  forward  in  order  to 
keep  his  balance.  Explain. 

2.  Does  a  rocket  travel  by  pushing  against  the 
aii? 

3.  In  a  space  station  circling  the  earth  at  a 
great  distance,  you  would  feel  weightless 
because  the  ship  would  be  coasting  in 
space  (see  Fig.  2-6e).  Rotation  of  the 
station,  however,  can  give  you  the  feeling 
that  you  have  weight.  Why? 


According  to  the  third  law,  for  every  force 
there  is  an  equal  and  opposite  force.  From  this 
law  it  can  be  shown  that  momentum  is  con¬ 
served  when  objects  collide  or  cause  each  other 
to  change  velocity. 

Every  mass  in  the  universe  attracts  every 
other  mass  with  a  force  that  is  directly  pro¬ 
portional  to  the  product  of  the  masses  and  in¬ 
versely  proportional  to  the  square  of  the  dis¬ 
tance  between  them.  The  weight  of  an  object 
is  the  gravitational  force  between  the  object 
and  the  earth  or  other  large  body.  Weight  is 
a  variable  quantity  while  mass  is  ordinarily 
not  variable.  The  kilogram  is  a  mass  unit  in 
the  mks  system,  but  can  also  be  used  as  a  force 
unit  (kgf). 

When  an  object  moves  in  a  curved  path,  it 
is  accelerated  toward  the  center  of  the  curve 
by  centripetal  force.  Centrifugal  force  is  the 
outward  force  exerted  by  the  moving  object 
on  some  other  object.  Satellites  move  in  ellip¬ 
tical  orbits. 


Chapter 

Summary 


When  a  force  is  exerted  on  an  object,  it 
either  deforms  the  object  or  causes  accelera¬ 
tion,  or  does  both. 

Newton’s  three  laws  of  motion  describe  the 
relationship  between  force  and  motion.  If  no 
unbalanced  force  acts  on  an  object,  its  velocity 
remains  constant.  The  tendency  of  an  object 
at  rest  to  remain  at  rest  and  of  an  object  in 
motion  to  continue  in  motion  with  constant 
velocity  is  called  inertia.  The  mass  of  an  object 
is  a  measure  of  its  inertia. 

When  an  unbalanced  force  acts  upon  an 
object  it  produces  an  acceleration  in  the  direc¬ 
tion  of  the  force  that  is  proportional  to  the 
force  and  inversely  proportional  to  the  mass  of 
the  object.  This  law,  the  second,  can  also  be 
expressed  in  terms  of  momentum,  the  mass  of 
an  object  times  its  velocity.  The  second  law 
defines  the  force  units,  newton  (mks),  and 
dyne  (cgs),  and  the  mass  unit,  slug  (British 
engineering) . 


Vocabulary- 
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Problems 

1.  A  car  with  a  mass  of  1200  kg  is 
traveling  in  a  straight  line  at  a  speed  of  30 
m/sec.  It  is  brought  to  a  stop  in  20  sec.  Find: 
(a)  Its  momentum  at  the  beginning;  (b)  Its 
change  in  momentum;  (c)  The  force  necessary 
to  produce  this  change  in  momentum;  (d)  Its 
acceleration;  (e)  The  force  necessary  to  pro¬ 
duce  this  acceleration. 

2.  A  single  pulley  wheel  is  suspended 
from  the  ceiling.  A  rope  over  the  pulley  has 
a  mass  of  100  kg  on  one  end  and  a  mass  of 
200  kg  on  the  other.  Find  the  acceleration  of 
the  masses.  (Hint:  Find  the  unbalanced  force 
and  notice  how  big  a  mass  is  being  acceler¬ 
ated.) 

3.  A  6.0  g  bullet  traveling  at  300  m/sec 
goes  through  a  block  of  wood  in  0.00040  sec 
and  emerges  at  100  m/sec.  With  what  force 
did  the  wood  retard  its  motion?  Solve  using 
both  change  in  momentum  and  acceleration. 

4.  An  unbalanced  force  of  1000  N  causes 
a  mass  to  accelerate  at  40  m/sec.  How  great 
is  the  mass? 

5. ^Mars  has  a  diameter  0.54  times  that 
of  the  earth  and  a  mass  0.11  times  that  of  the 
earth.  If  you  weigh  100  lb  on  earth,  what 
would  you  weigh  on  Mars? 

6.  If  you  weigh  125  lb,  what  is  your 
weight  in  newtons? 

7. ^A  2000-kg  rocket  accelerates  upward 
at  20  m/sec2.  What  total  upward  force  is 
necessary  to  give  it  this  acceleration?  Express 
answer  in  newtons  and  kgf. 

8.  If  you  weigh  150  lb  and  are  running 
10  ft/sec  at  the  moment  you  jump  onto  a  sled 
which  has  a  weight  of  10  lb  and  which  is  al¬ 
ready  moving  in  the  same  direction  at  5.0 
ft/sec,  what  will  be  the  velocity  of  you  and 
the  sled?  Assume  that  the  sled  is  moving  on 
level  snow  and  that  there  is  no  friction. 

9.  An  electron  has  a  mass  of  9.1  X  10-28 
g.  It  moves  in  a  radio  tube  a  distance  of  4  mm 
while  experiencing  a  force  of  8  X  10-10  dyn. 
Find  its  acceleration  and  final  velocity. 


10.  What  velocity  is  required  to  give  a 
projectile  a  circular  orbit  4000  mi  above  the 
surface  of  the  earth?  The  centripetal  force 
must  be  equal  to  the  weight  of  the  projectile. 
The  radius  of  the  earth  is  about  4000  mi. 

1 1 .  Calculate  the  gravitational  force  of  at¬ 
traction  between  two  60,000-ton  carriers  sep¬ 
arated  by  a  300-foot  dock. 


Discussion  Questions 

1.  A  bomber  has  just  dropped  an  atom  bomb, 
should  the  pilot  keep  on  course  or  reverse 
course  to  avoid  being  hurt  in  the  explosion? 

2.  An  athlete  discovers  that  he  can  do  a  higher 
high  jump  in  the  southern  United  States 
than  he  can  in  northern  Canada.  Account 
for  this. 

3.  Compare  the  force  your  feet  exert  on  the 
floor  when  you  stand  with  the  force  the 
floor  exerts  on  you. 

4.  You  are  in  the  middle  of  a  pond  of  friction¬ 
less  ice  and  would  like  to  get  off.  How  can 
you  do  this? 


Work  on  Your  Own 

1.  When  you  are  in  a  car  with  your  eyes 
closed,  see  if  you  can  tell  whether  the  car  is 
turning  to  the  right  or  left  and  whether  it  is 
speeding  up  or  slowing  down  because  of 
the  direction  in  which  your  inertia  takes 
you. 

2.  Gyroscopes  involve  special  applications  of 
the  principle  of  inerta.  You  can  learn  a 
great  deal  about  gyroscopes  by  playing  with 
the  small  toy  ones.  Consult  periodical  in¬ 
dexes  for  references  on  inertial  guidance. 

3.  Study  and  explain  the  operation  of  a  ro¬ 
tating  lawn  sprinkler. 
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TJ.  S.  Navy  Photograph,  courtesy  ot  American  Meteorological  Society,  Weatherwise  Magazine. 


The  eye  of  a  hurricane,  as  seen  from  an  airplane  above  the  clouds. 
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Work  and  Energy 


When  you  think  of  energy  in  large  quantities,  you  may  think  of  the  hydro¬ 
gen  bomb.  However,  even  the  huge  energy  of  a  bomb  is  small  compared  to 
the  energy  of  the  sun,  the  energy  of  a  tropical  hurricane,  or  the  energy  of 
ocean  tides.  In  one  day  Alberta  receives  as  much  energy  from  the  sun  as  is 
provided  by  almost  one  hundred  H-bombs. 

The  energy  of  a  hurricane  or  of  the  tides  involves  motion.  What  about  the 
energy  of  the  sun?  You  certainly  do  not  feel  motion  when  the  sunshine  warms 
your  skin  or  illuminates  the  landscape.  Yet  it  is  the  warmth  from  the  sun  that 
sets  in  motion  the  winds  in  a  hurricane  (see  opposite  page).  It  is  obvious  that 
energy  can  appear  in  more  than  one  form. 

Much  of  the  history  of  civilization  can  be  written  in  terms  of  increasing  con¬ 
trol  and  use  of  energy.  Man  uses  energy  to  do  work.  In  this  chapter  you  will 
learn  what  the  physicist  means  by  work,  and  also  how  the  concept  of  work 
helps  to  make  clear  the  nature  of  energy. 


What  Is  Work? 


3-1  Work  is  done  when  a  force  acts 
through  a  distance.  A  moving  hammer  can 
drive  a  nail.  A  moving  stream  of  air  can 
blow  leaves  from  a  tree.  A  moving  car  can 
knock  down  a  fence.  The  hammer,  the  air, 
and  the  car  all  have  energy  of  motion,  one 
type  of  mechanical  energy. 

When  a  hammer  is  used  to  drive  a  nail, 
the  hammer  is  doing  work,  and  the  nail  has 
work  done  upon  it.  When  the  wind  blows 
leaves,  the  wind  does  work,  and  the  leaves 
have  work  done  upon  them.  The  car  does 
work  when  it  knocks  down  the  fence,  and 
the  fence  has  work  done  upon  it. 

You  can  see  that  the  word  work  is  being 


used  in  a  special  sense  here.  Work  has  a 
technical  meaning  as  well  as  the  common 
meanings  of  exertion,  a  job,  and  the  like. 
In  each  of  these  examples,  a  force  has  been 
exerted  and  has  produced  motion.  The 
physicist  says  that  work  is  done  when  a 
force  acts  through  a  distance. 

3-2  Work  is  the  product  of  force  and 
distance.  Suppose  that  you  pick  up  a  book 
which  has  fallen  to  the  floor.  You  exert  a 
force  on  the  book  sufficient  to  overcome  the 
force  of  gravity.  If  the  book  has  a  mass  of 
1.0  kg,  the  weight  is  equal  to  9.8  N  (W  = 
mg,  see  p.  41).  You  exert  a  force  of  9.8  N  in 
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the  direction  in  which  the  book  is  moving, 
that  is,  upwards.  While  the  book  is  moving, 
you  are  doing  work  on  it.  If  you  lift  it  a 
total  distance  of  1.0  m,  you  have  done  9.8 
newton  •  meters  ( N  •  m )  of  work  on  the 
book  (Fig.  3-1). 

Whenever  a  force  moves  an  object  in  the 
direction  in  which  the  force  is  acting,  then 
the  work  done  on  the  object  is  the  product 
of  the  force  and  the  distance  the  object 
moves  while  the  force  is  acting. 

work  =  force  X  distance 
work  =  Fs 

In  the  first  illustration  of  Fig.  3-1,  the  boy 
lifted  the  1-kg  mass  vertically  upward  by 
exerting  a  force  that  was  also  directed  ver¬ 
tically  upward.  The  force  and  the  distance 
were  in  the  same  direction. 

In  the  second  illustration  of  Fig.  3-1,  a 
box  was  moved  horizontally  a  distance  of 
10  m  by  a  horizontal  force  of  20  N.  Here, 


too,  the  force  and  distance  were  in  the  same 
direction.  In  both  of  these  cases,  the  work 
done  is  found  by  multiplying  the  force  by 
the  distance. 

If  there  had  been  no  friction  in  the  sec¬ 
ond  case,  only  a  small  force  (F  =  ma) 
would  have  been  needed  to  start  the  box; 
and  the  box  would  have  continued  to  travel 
across  the  room  even  if  the  force  had  been 
removed.  The  work  done  in  this  case  would 
be  found  by  multiplying  the  force  by  the 
distance  the  box  moved  while  the  force 
was  acting,  not  by  the  distance  across  the 
room.  No  work  would  be  done  while  it  was 
coasting. 

The  weight-lifting  situation  in  Fig.  3-2 
presents  a  somewhat  different  problem. 
Here  the  load  of  6.0  kg  is  lifted  from  point 
A  to  point  B.  Point  B  is  1.0  m  higher  than 
point  A  and  also  1.5  m  to  the  right.  But 
the  force  involved  in  the  problem  is  the 
force  necessary  to  lift  the  weight.  (W  = 
mg  —  6.0  kg  x  9.8  m/ sec2  =  59  N ) . 


Figure  3-1 


a.  To  raise  a  1.0-kg  book  requires  a  force 
of  9.8  N.  If  the  book  is  raised  1 .0  m,  the 
work  done  is  9.8  Nm. 

i  kg 


F  =  W  =  mg  =  9.8  N 


10m 


b.  Because  of  friction  with  the  floor,  a  force  of  20  N  is  re¬ 
quired  to  push  this  box  along  the  floor  at  uniform  velocity. 
If  it  is  pushed  10  m,  the  work  done  is  20  N  X  10  m  = 
2.0  X  1 02  N  m. 
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Figure  3—2  The  force  of  gravity  on  the  weight  above  is  vertically  downward.  Therefore, 
the  only  work  accomplished  is  that  by  the  vertically  upward  force  of  59  N  through  a  distance 
of  1 .0  m. 


Since  weight  is  a  force  vertically  down, 
the  lifting  force  must  be  vertically  upward, 
If  work  is  done  only  when  an  object  moves 
in  the  direction  in  which  the  force  is  acting, 
then  the  only  distance  involved  in  the  doing 
of  work  is  the  vertical  one.  Therefore,  the 
work  done  is  59  N  times  1.0  m,  or  59  N  -m. 
The  horizontal  distance  of  1.5  m  has  noth¬ 
ing  to  do  with  the  problem. 

3-3  Various  units  of  work  are  used. 

In  Sec.  3-2,  the  force  is  expressed  in  new¬ 
tons  and  the  distance  in  meters.  Hence  the 
product  is  in  a  derived  unit,  the  new¬ 
ton-meter.  This  unit  has  a  special  name, 
joule  (J).  (The  joule  was  named  for  James 
P.  Joule,  an  English  physicist  who  pro¬ 
nounced  his  name  “jowl.”  But  most  people 
call  the  unit  “jool.”)  One  joule  is  the  work 
done  when  a  force  of  1  N  acts  through  a 
distance  of  1  m.  Since  a  newton  is  a 
kg-m/sec2,  1  joule  =  1  kg-m/sec2  X  m  = 
1  kg  •  m2/sec2. 

In  the  cgs  system  of  units,  the  unit  of 
force  is  the  dyne  (see  p.  42).  The  unit  of 
work  is  the  dyne  •  centimeter,  which  has  the 
special  name  of  erg.  1  joule  is  equal  to  10' 
ergs. 

In  British  engineering  units,  the  unit  of 


force  is  the  pound  and  the  unit  of  work  is 
the  foot  pound  (ft  lb).  A  foot  pound  is 
the  work  done  when  a  force  of  1  lb  acts 
through  a  distance  of  1  ft. 

Although  force  is  a  vector  quantity,  and 
so  is  the  distance,  work  is  a  scalar  quantity, 
since  it  has  no  particular  direction.  See 
Example  1  below. 


EXAMPLE  1 

How  much  work  is  required  for  a  1 30-lb  boy  to 
climb  a  ladder  20  ft  high?  (Notice  in  this  example 
that  the  boy  does  the  work  on  himself.  Since  the  work 
is  done  on  the  boy,  .the  force  involved  is  a  force 
sufficient  to  overcome  his  weight,  that  is,  a  force 
equal  to  his  weight.) 

Given:  F  =  TP  130  lb  s  =  20  ft 

To  find:  work 

Solution:  work  =  Fs 

=  130  lb  X  20  ft 
=  2.6  X  103  ft-lb.  Answer 


3-4  A  force  may  be  resolved  into  com¬ 
ponents.  It  often  happens  that  work  is 
done  on  an  object  when  the  force  and  dis- 
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The  sled  moves  1  00  m  in  this  direction. 


Figure  3-3  The  force  of  5.0  N  here  is  not  in  the  direction  in  which  the  sled  moves. 
Therefore  the  work  cannot  be  5.0  N  times  the  distance  the  sled  moves. 


tance  are  not  in  the  same  direction.  The 
boy  in  Fig.  3-3,  for  example,  is  pulling  a 
sled  along  a  horizontal  piece  of  ground. 
The  sled  rope  makes  an  angle  of  30°  with 
the  horizontal.  Along  the  rope  he  is  exert¬ 
ing  a  force  of  5.0  N.  If  he  moves  the  sled 
100  m,  how  much  work  does  he  do? 

Before  this  question  can  be  answered, 
consider  the  experiment  illustrated  in  Fig. 
3-4.  In  the  first  case,  when  the  boys  pull 
straight  up  on  the  10-kg  block,  each  one 
supplies  a  force  of  49  N,  a  total  of  98  N.  If 
they  raise  the  block  1.0  m,  they  have  done 
98  N  X  1.0  m  =  98  J  of  work.  Now  suppose 
they  raise  the  block  by  pulling  at  an  angle, 
as  in  the  second  case.  Each  one  must  now 


exert  a  force  of  69  N.  Does  this  mean  that 
they  do  more  work  than  they  did  in  the 
first  case? 

To  answer  this  question,  think  of  it  in 
terms  of  the  work  done  on  the  block  rather 
than  the  work  done  by  the  boys.  A  10-kg 
block  is  raised  1.0  m  in  the  first  case.  The 
same  10-kg  block  is  raised  1.0  m  in  the  sec¬ 
ond  case.  The  end  result  is  exactly  the 
same.  Therefore,  from  the  point  of  view  of 
the  results  of  their  actions,  the  work  done 
on  the  block  is  exactly  the  same  both  times : 
98  J.  The  boys  may  find  that  their  muscles 
feel  more  strain  when  they  pull  at  an  angle, 
but  the  work  they  do  is  exactly  the  same  in 
both  cases.  In  the  third  case,  where  they 


Figure  3-4  Although  the  force  exerted  keeps  increasing  as  the  boys  pull  at  larger 
angles,  the  work  they  do  when  they  lift  the  block  1 .0  m  is  still  the  same. 


a.  When  the  two  boys  lift  the  block 
by  holding  their  balances  vertical¬ 
ly,  each  balance  reads  5.0  kg  (49  N). 


b.  When  they  raise  the  block  by  pull¬ 
ing  at  an  angle  of  45°,  each  bal¬ 
ance  reads  7.1  kg  (69  N). 
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a.  Even  though  the  boys  in  the  third  case  of 
Fig.  3—4  are  pulling  with  forces  of  98  N 
apiece,  the  effective  upward  force  is  only 
49  N,  as  shown  here.  The  49  N  force  is 
the  vertical  component  of  the  98  N  force. 
The  horizontal  components  are  equal  and 
opposite  and  produce  no  motion. 

b.  The  boy  with  the  sled  in  Fig.  3-3  pulls  with 
a  force  of  5.0  N.  The  horizontal  com¬ 
ponent  of  the  force  is  the  effective  force 
doing  the  work.  If  you  make  a  scale 
drawing,  you  find  that  Fx  —  4.3  N.  You 
can  also  find  the  value  of  Fx  by  trigonom¬ 
etry,  as  explained  in  the  text. 


Figure  3-5  When  the  applied  force  is  not  in  the  direction  of  motion, 
then  a  component  of  the  force  must  be  used  to  compute  the  work. 


pull  at  a  greater  angle,  the  final  amount  of 
work  done  is  still  98  J,  although  the  boys 
undoubtedly  find  it  harder  to  do. 

The  reason  for  what  seems  to  be  a  contra¬ 
diction  here  is  this:  by  exerting  a  force 
greater  than  49  N  apiece,  as  the  boys  do  in 
the  second  and  third  situations,  they  are 
doing  two  things.  First,  they  are  lifting  the 
block.  But  they  are  also  engaged  in  a  mild 
tug  of  war,  each  boy  pulling  against  the 
other.  The  force  with  which  each  boy  pulls 
against  the  other  is  doing  no  work,  because 
it  is  causing  no  motion.  Only  the  upward 


c.  When  they  raise  the  block  by  pulling 
at  an  angle  of  60°,  each  balance 
reads  1 0  kg  (98  N). 


part,  or  component,  of  the  force  is  doing  any 
work.  A  component  may  be  defined  as  the 
effective  value  of  a  force  in  a  particular 
direction.  In  this  case,  the  upward  com¬ 
ponent  of  each  boy’s  pull  must  be  a  force 
of  49  N,  because  98  N  are  required  to  raise 
the  block. 

How  a  component  is  related  to  a  force  is 
illustrated  in  Fig.  3-5.  Here  is  the  same 
example  as  the  third  case  of  Fig.  3-4.  The 
98  N  exerted  by  each  boy  is  represented  as 
the  hypotenuse  of  a  right  triangle,  and  the 
vertical  side  of  the  triangle  is  the  desired 
component  of  the  force.  The  horizontal 
side  of  the  triangle  is  the  tug-of-war  com¬ 
ponent.  The  second  drawing  of  Fig.  3-5 
shows  how  to  find  the  work  done  by  the 
boy  with  the  sled  in  Fig.  3-3.  By  making  a 
scale  drawing,  with  the  5.0  N  force  and  the 
30°  angle,  you  can  easily  find  out  that  the 
horizontal  component  is  4.3  N.  If  the  sled 
is  moved  100  m,  then  the  work  done  is 
4.3  X  102  N  •  m,  or  4.3  X  102  J. 

A  better  definition  of  work  than  the  one 
given  earlier  would  be  that  work  is  equal 
to  force  times  distance,  where  the  force  is 
either  in  the  same  direction  as  the  distance 
or  is  a  component  in  that  direction. 
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Do  It  Now 


Try  the  experiment  illustrated  in  Fig.  3-4. 
Does  the  force  go  up  regularly  as  you  increase 
the  angle,  or  does  it  increase  more  rapidly  for 
some  angle  changes  than  for  others?  What  do 
you  think  the  force  would  be  if  you  pulled  at 
an  angle  of  90 °? 


3-5  Components  can  be  determined 
by  trigonometry.  The  simplest  way  to  find 
a  component  is  by  trigonometry.  You 
should  not  try  to  read  this  section  unless 
you  know  how  to  use  trigonometric  func¬ 
tions. 

Look  again  at  the  sled  problem  dia¬ 
gramed  in  Fig.  3-5.  For  the  right  triangle 
shown,  you  can  set  up  the  following  equa¬ 
tion: 


Fx 

5.0  N 


=  cos  30° 


Solving  for  Fx: 

Fx  =  5.0  N  X  cos  30° 
=  5.0  N  X  0.866 
-  4.3  N 


Take  another  case  (Fig.  3-6).  Two  men 
are  dragging  a  load  by  pulling  on  ropes. 


Figure  3—6  A  cart  is  being  pulled  by  2  men 
dragging  on  ropes  attached  as  shown.  If  each 
one  pulls  with  a  force  of  300  N,  the  force 
component  in  the  direction  of  the  motion  can 
be  calculated  by  trigonometry,  using  the  force 
triangle  of  the  second  diagram. 


If  they  pull  the  load  a  distance  of  100  m, 
how  much  work  do  they  do?  Often  in  solv¬ 
ing  a  problem  of  this  sort,  it  is  a  good  idea 
to  make  a  separate  picture  of  the  force 
vectors.  This  is  done  in  the  second  draw¬ 
ing.  In  this  right  triangle: 


Fx 

300  N 

Fx 


=  cos  20° 

=  300  N  X  cos  20° 
=  300  N  X  0.940 
=  282  N 


Since  there  are  two  men  pulling,  the  total 
force  is  2  X  282  N  or  564  N.  Therefore: 

work  =  Fs 

=  564  N  X  100  m  =  5.64  X  1  04  J 


Notice  in  both  of  these  problems  that  the 
force  component  doing  the  work  is  equal  to 
F  cos  9,  where  F  is  the  applied  force  and  9 
is  the  angle  between  the  applied  force  and 
the  direction  of  motion.  Therefore 

work  =  Fs  cos  9 


This  equation  is  true  for  all  situations. 
When  F  and  s  are  in  the  same  direction,  9 
is  0  and  cos  9  is  1. 


3-6  Force  alone  does  not  do  work. 

A  strong  man  in  the  circus  is  doing  work 
when  he  lifts  a  very  heavy  weight  from  the 
floor  to  a  position  above  his  head.  How¬ 
ever,  when  he  stands  there  holding  it,  he 
does  no  work,  even  though  he  may  be  get¬ 
ting  tired.  The  work  done  is  zero  because 
the  distance  through  which  the  force  is 
exerted  is  zero,  unless  he  should  lift  it 
higher.  Even  when  he  walks  around  the 
room  carrying  the  weight,  he  still  does  no 
work,  because  the  force  is  vertical  and  the 
distance  horizontal.  There  is  no  component 
of  the  force  in  the  direction  of  the  distance. 
Or,  from  the  point  of  view  of  trigonometry, 
9  is  90°;  for  this  angle,  cos  9  is  zero. 
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Self  Check 


1 .  What  is  a  joule? 

2.  What  is  a  component  of  a  force? 

3.  How  much  work  is  done  if  (a)  a  horizontal 
force  of  5.0  N  is  used  to  push  a  box  2.0  m 
along  a  level  floor;  (b)  a  2.00-kg  rock  is 
lifted  1.00  m;  (c)  a  2.00-kg  rock  held  in 
the  hand  is  moved  horizontally  1.00  m? 

4.  A  100-lb  boy  climbs  a  flight  of  stairs.  The 
distance  along  the  stairs  is  15  ft,  while  the 
vertical  height  of  the  stairs  is  10  ft.  How 
much  work  must  the  boy  do  to  lift  himself? 


Problems 


1 .  How  much  work  is  done  if  a  20.0-kg 
trunk  is  lifted  a  height  of  10.0  m? 

2.  A  horizontal  force  of  25.0  N  is  re¬ 
quired  to  push  a  table  across  a  room.  How 
much  work  is  done  in  pushing  the  table  4.00  m? 

3.  A  steel  beam  weighing  2  tons  is  lifted 
100  ft  into  place.  How  much  work  is  done  on 
the  beam? 

4.  A  mother  cat  decides  to  move  her 
litter  to  a  new  location.  She  has  six  kittens, 


each  weighing  125  g.  She  moves  them  8.0  m 
across  the  barn  floor  and  up  onto  a  box  50  cm 
high.  How  much  work  did  she  do? 

5.  A  woman  pushes  on  the  handle  of  a 
floor  waxer  with  a  force  of  10  lb.  If  the  handle 
makes  an  angle  of  50°  with  the  floor,  how 
much  work  does  she  do  when  she  pushes  the 
waxer  20  ft? 


6.  A  boy  coasting  downhill  in  a  wagon 
brings  it  to  a  halt  in  10  m  by  pushing  his  feet 
on  the  ground.  If  his  legs  make  an  angle  of 
40°  with  the  ground  and  each  leg  applies  a 
force  of  30  N  down  the  axis  of  the  leg,  how 
much  work  does  he  do? 

7.  A  boy  pulls  a  sled  along  level  ground 
for  a  distance  of  200  ft  by  exerting  a  force  of 
8.0  lb  at  an  angle  of  35°  with  the  horizontal. 
How  much  work  does  he  do  on  the  sled? 


8.  Prove  that  1  J  equals  107  ergs. 


Discussion  Questions 


1 .  When  you  hit  a  baseball  with  a  bat,  is  work 
done  on  the  ball? 

2.  If  you  support  a  beam  while  someone  is 
nailing  it  into  place,  are  you  doing  work? 
Is  the  person  who  nails  the  beam  doing 
work? 


What  Is  Power? 


3-7  Power  is  work  done  per  unit  of 
time.  Suppose  that  a  truck,  illustrated  in 
Fig.  3-7,  carries  a  2.0-T  load  of  bricks  to 
the  top  of  a  loading  ramp  8.0  ft  high.  The 
useful  work  performed  is: 

work  =  Fs  =  4.0  X  103  lb  X  8.0  ft 
=  3.2  X  104  ft-lb 


A  worker  carrying  50  lb  per  load  could  do 
the  same  work  in  80  loads.  Even  though 
the  work  done  is  the  same  in  both  instances, 
there  is  a  big  difference  in  the  time  re¬ 
quired.  Thus  the  truck  might  do  the  job  in 
15  sec,  while  the  workman  might  require 
an  hour.  The  truck  and  the  man  work  at 
different  rates. 

In  physics  the  rate  of  doing  work  is 
called  power  (P).  In  the  language  of 
mathematics, 

work  Fs 

p  =  -  =  — 

time  t 
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To  find  the  useful  power  developed  by  the 
workman: 

p  _  Fs  _  4.0  X  103  \b  X  8.0  ft 
t  60  min 

=  5.3  X  102  ft-lb/min 

Of  course,  the  laborer’s  muscles  develop 
more  power  than  this  solution  indicates, 
but  most  of  it  was  consumed  in  carrying 
his  own  body  up  and  down  the  ramp  and 
in  overcoming  internal  friction  in  the  body. 

The  truck,  doing  the  same  amount  of 
work,  does  it  faster.  What  is  its  useful 
power? 

_  Fs  _  4.0  X  103  ib  X  8.0  ft 
t  1  /4.0  min 

-  1.3  X  105  ft  lb/min 

3-8  Power  may  be  expressed  in  horse¬ 
power  or  watts.  Power  can  be  expressed  in 
foot  pounds  per  minute,  but  in  English 
units  it  is  usually  expressed  in  horsepower. 
This  unit  was  first  defined  in  the  latter  part 
of  the  eighteenth  century  by  James  Watt  as 
he  tried  to  compare  the  power  of  his  steam 
engine  with  the  power  of  a  horse.  He  had 
some  work -horses  walk  round  and  round  a 
wheel  used  to  raise  a  100-lb  weight  out  of  a 
deep  well.  He  found  that  a  horse  could 
walk  for  an  extended  period  of  time  at  a 
rate  of  about  2.5  mi/hr  while  lifting  the 
weight.  This  represents  a  distance  of  2.5  X 
5280  ft  in  60  min.  The  power  therefore  was: 

2.5  X  5280  ft  X  100  Ib 

p  = - - - 

60  min 

=  22,000  ft-lb/min 

However,  he  knew  his  wheel  developed 
much  friction,  so  he  estimated  that  the 
horse  was  actually  exerting  about  150  lb  to 
lift  the  load.  In  that  case  the  power  of  the 
horse  was  about  33,000  ft  ■  lb/min;  this 
value  became  the  definition  of  horsepower 
(hp). 

In  metric  units,  the  unit  of  power  is  the 


watt  (W),  which  is  lj/sec,  or  lN-m/sec. 
You  are  probably  familiar  with  the  use  of 
watts  in  electricity.  Fundamentally  the 
watt  is  a  unit  of  mechanical  power.  A  40- 
watt  electric  light  bulb  consumes  the 
electrical  power  that  could  be  obtained  by 
converting  40  J  of  mechanical  work  into 
electrical  energy  each  second.  The  kilowatt 
(  kW)  is  1000  watts. 

3-9  The  kilowatt  hour  is  a  unit  of 
work.  Since  the  watt  is  a  unit  of  power, 
people  often  think  that  the  kilowatt-hour 
is  also  a  unit  of  power.  It  is  not.  It  is  a  unit 
of  work.  To  see  why  this  is  so,  go  back  to 
the  meaning  of  the  watt: 

J 

1  watt  =  1  - 

sec 

Treat  this  like  an  equation  and  multiply 
both  sides  by  1  sec: 

1  watt-sec  =  1  J 

The  watt  •  sec  is  therefore  a  unit  of  work  or 
energy  equal  to  a  joule.  It  is  the  amount  of 
work  done  in  1  sec  by  a  machine  or  other 
power  source  working  at  the  rate  of  1  watt. 

Now  consider  the  kilowatt: 

J 

1  kilowatt  =  1  000  watts  =  1 000 - 

sec 

Multiply  both  sides  by  1  hr: 

1  kilowatt-hour  =  1 000  —  X  1  hr 

sec 

=  1000  —  X  3600  sec 
sec 

=  3,600,000  J 

=  3.6  X  10*’  J  exactly 

The  kilowatt-hour  (kWh)  is  therefore  also 
a  unit  of  work.  It  is  the  work  done  in 
1  hr  at  the  rate  of  1  kW.  A  100-watt  light 
bulb  that  operates  for  5  hr  consumes  5  X 
102  watt  •  hr  of  work,  or  0.5  kWh. 

3-10  Jet  engines  are  rated  in  terms  of 
thrust.  When  an  aeronautical  engineer 
speaks  of  the  performance  of  a  jet  engine, 
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he  usually  speaks  of  its  thrust.  This  is 
sometimes  confusing  to  those  who  are  used 
to  rating  engines  in  terms  of  horsepower. 
Actually,  thrust  is  the  force  exerted  on  the 
plane  by  the  exhaust  gases.  The  power 
formula  can  be  rearranged  thus: 


work 

P  =  ~ — 

time 


Fs  s 

—  =  F  X  -  =  Fv 
t  t 


From  this,  you  see  that  power  is  the  prod¬ 
uct  of  force,  or  thrust,  times  velocity.  Of 
course,  this  relationship  holds  for  cars, 
ships,  or  even  sprinters,  as  well  as  for  jets, 
but  it  is  particularly  useful  with  rockets  and 
jet  aircraft.  The  power  such  engines  can 
deliver  varies  widely  with  their  velocities. 
Study  Example  2  below. 


EXAMPLE  2 


A  fighter  plane  uses  a  single  jet  engine  with  a  thrust 
of  10,000  lb.  What  horsepower  does  it  deliver 
when  flying  at  600  mi/hr? 


Given:  F  =  1  0,000  lb 

600  X  5280  ft 

V  =  600  mi/hr  =  - 

60  min 

=  5.28  X  1  04  ft/min 
To  find:  P  in  hp 
Solution:  P  =  Fv 

P  =  10,000  lb  X  5.28  X  1  04  ft/min 
10,000  X  5.28  X  104 


33,000 

=  1.60  X  1  04  hp.  Answer 


hp 


Self  Check 


1 .  Which  of  the  following  are  units  of  power? 
ft  •  lb;  hp;  J;  kWh;  mi  •  ton/sec;  watt. 

2.  A  1.0-kg  book  is  raised  from  the  floor  to  a 
table  1.0  m  high  in  2.0  sec.  What  is  the 
power  developed? 

3.  How  much  work  will  a  2.0-hp  motor  do  in 
1.0  min? 


4.  Define  power. 

5.  A  machine  does  90  J  of  work  in  1.0  min. 
What  power  does  it  deliver? 

6.  A  boy  uses  a  force  of  10  N  to  move  a  crank 
handle  at  the  rate  of  2.0  m/sec.  What  is  his 
power? 

7.  Convert  3  kW  to  J/sec. 


Problems 


1 .  A  100-g  mouse  runs  up  a  flight  of  stairs 
in  10  sec.  If  the  two  floors  are  4.0  m  apart, 
what  is  the  power  developed  by  the  mouse? 

2.  A  120-lb  boy  runs  up  a  flight  of  stairs 
in  10.0  sec.  If  the  two  floors  are  12.0  ft  apart, 
what  is  the  power  developed  by  the  boy? 
Express  in  ft-lb/sec,  ft-lb/min,  and  horse¬ 
power. 

3.  What  is  the  power  of  a  crane  that 
lifts  20  1000-kg  steel  girders  to  a  height  of 
30  m  in  2.0  min?  Express  in  W  and  kW. 

4.  A  customer  is  billed  for  120  kWh  of 
electricity.  How  many  joules  did  he  use? 

5.  What  is  the  power  delivered  by  a 
locomotive  if  it  exerts  a  pull  of  9.00  tons  while 
pulling  a  train  at  60.0  mi/hr?  Express  the 
answer  in  horsepower. 

6.  Express  1  hp  in  ft-lb/sec. 

7.  A  moving  belt  carries  boxes  of  apples 
up  an  incline  to  load  them  on  a  truck.  The 
boxes  weigh  15  kgf  and  they  are  loaded  at  the 
rate  of  10  per  min.  If  the  incline  is  5.0  m 
long,  with  the  upper  end  120  cm  higher  than 
the  other,  what  is  the  useful  power  delivered 
by  the  belt? 

8.  The  average  annual  consumption  of 
electricity  by  a  household  in  Calgary,  Alberta, 
is  about  4,200  kwh.  A  medium-weight  car  has 
a  mass  of  about  1000kg.  The  height  of  Mt. 
Everest  is  8850  m.  How  many  medium-weight 
cars  could  be  raised  to  this  height  by  the  ex¬ 
penditure  of  2,500kwh? 


o 


9.  Convert  1  hp  to  watts,  and  use  the 
result  to  determine  the  power  output  in  watts 
of  a  14 -hp  motor. 

10.  A  boy  turns  a  crank  at  the  rate  of 
120  turns  per  minute  by  applying  a  steady 
force  of  5.0  lb  to  the  handle.  The  distance 
from  the  axle  to  the  handle  is  1.0  ft.  Find  his 
horsepower. 
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What  Is  Energy? 


3-1 1  Energy  is  the  ability  to  do  work. 

What  does  a  physicist  mean  when  he  talks 
about  energy?  Much  of  the  time  he  is 
thinking  about  objects  in  motion.  Air  in 
motion,  as  in  a  hurricane,  has  a  great  deal 
of  energy.  It  can  pick  up  heavy  objects 
and  carry  them  great  distances.  Water  in 
motion  in  a  stream  has  energy,  energy  that 
can  wash  away  soil  or  turn  the  wheels  that 
operate  an  electric  generator.  Notice  that 
one  of  the  characteristics  of  energy  is  that 
it  can  be  used  to  do  work.  The  stream  of 
water  exerts  a  force  on  a  generator  wheel. 
The  force  acts  through  a  distance,  as  the 
wheel  turns,  and  work  is  done  on  the  wheel. 
Energy  is  often  defined  as  the  ability  to  do 
work. 

Another  useful  characteristic  of  energy  is 
that  it  can  be  passed  from  one  object  to  an¬ 
other.  The  water  that  turns  the  generator 
wheel  loses  energy  and  is  slowed  down. 
The  generator  wheel  is  set  into  motion;  it 
gains  energy. 

3-12  Energy  may  be  either  kinetic  or 
potential.  The  energy  that  a  moving  object 
possesses  because  of  its  motion  —  the  en¬ 
ergy  of  the  moving  water  of  the  stream,  for 
example  —  is  called  kinetic  energy  (Ek). 

Sometimes  energy  is  not  being  expended, 
but  has  the  potentiality  of  being  able  to  do 
work  when  released.  This  stored  energy  is 
called  potential  energy  (  Ep )  and  may  result 
from  an  object’s  position  or  condition. 

An  example  of  potential  energy  of  posi¬ 
tion  is  tbe  energy  of  water  in  a  dammed-up 
stream.  The  water  is  not  moving;  it  has  no 
kinetic  energy,  but  it  does  have  the  poten¬ 
tiality  of  moving  and  of  doing  work  and 
thus  has  potential  energy. 

A  stretched  rubber  band  has  potential 
energy  of  condition.  If  the  band  is  part  of 
a  slingshot  and  you  release  the  band,  the 


energy  is  passed  to  the  pebble,  which  then 
has  kinetic  energy. 

3-13  One  form  of  energy  may  be  con¬ 
verted  to  another.  The  energy  of  motion  — 
whether  that  energy  is  in  action  or  stored 
—  is  called  mechanical  energy.  Water 
running  downhill  in  the  stream  has  kinetic 
mechanical  energy.  The  water  in  a  cloud 
may  not  be  moving,  but  it  has  the  poten¬ 
tiality  of  motion.  It  has  potential  mechani¬ 
cal  energy.  As  the  rain  falls,  this  potential 
energy  is  changed  to  kinetic  mechanical 
energy. 

Heat,  too,  is  a  form  of  energy.  Radiation 
from  the  sun  heats  the  surface  of  the  earth, 
causing  the  evaporation  of  water  from  the 
ocean  and  other  bodies  of  water.  Heat  is 
the  energy  that  does  the  work  of  raising  the 
water,  most  of  which  forms  clouds. 

Some  pther  familiar  forms  of  energy  are 
electrical  energy,  sound,  and  light. 

A  characteristic  of  energy  is  that  it  can 
be  converted  from  one  form  to  another. 
The  heat  energy  that  evaporates  water 
from  the  ocean  is  converted  to  mechanical 
energy  of  the  water  in  the  cloud.  The  elec¬ 
trical  generator  turned  by  running  water 
converts  mechanical  energy  into  electrical 
energy.  A  light  bulb  converts  electrical 
energy  into  heat  energy  and  light  energy. 
A  radio  converts  electrical  energy  into 
sound  energy.  A  television  set  converts 
electrical  energy  into  sound  energy  and 
light  energy.  Any  form  of  energy  can  be 
converted  into  any  other  form  if  the  proper 
devices  are  used. 

The  more  scientists  learn  about  forms  of 
energy,  the  more  they  discover  that  they 
are  not  as  different  from  one  another  as  they 
may  seem  at  first.  It  is  now  known  that  heat 
energy  and  sound  energy  involve  motion  of 
the  tiny  molecules  of  which  matter  is  com- 
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posed,  and  that  electrical  energy  also  in¬ 
volves  motion  of  tiny  particles.  Light  en¬ 
ergy  originates  in  the  motion  of  particles 
within  atoms.  No  matter  what  phase  of 
energy  the  physicist  studies,  he  finds  that 
an  understanding  of  mechanical  energy  is 
fundamental  to  an  understanding  of  the 
other  forms. 

3-14  Energy  can  be  stored.  Energy 
can  be  stored  in  various  ways.  For  exam¬ 
ple,  a  green  plant  uses  energy  from  the 
sun  to  build  materials  which  become  part 
of  the  plant  body.  Thus  green  plants  store 
some  of  the  energy  radiated  by  the  sun. 
The  storage  involves  a  chemical  change; 
hence  the  energy  stored  in  plant  bodies  is 
chemical  energy.  When  wood  from  trees 
is  burned,  the  energy  stored  in  the  wood  is 
released  as  heat  and  light.  This  too  is  a 
chemical  change.  When  you  eat  plant  food, 
the  stored  energy  in  the  food  is  released  in 
your  body  as  heat  and  mechanical  energy. 
Again  the  release  of  energy  accompanies  a 
chemical  change. 

Mechanical  energy  can  also  be  stored,  as 
you  have  just  learned.  Mechanical  energy 
is  required  to  compress  a  spring  or  lift  a 
rock.  This  energy  is  stored  in  the  spring  or 
rock.  When  you  let  go  of  them,  they  move 
as  the  energy  is  released. 

The  energy  from  a  nuclear-power  plant 
comes  from  the  nuclei  of  atoms.  As  the 
reaction  proceeds,  some  of  the  mass  of  the 
nucleus  disappears  and  heat,  light,  sound, 
and  mechanical  energy  appear.  Apparently 
matter  itself  is  a  stored  form  of  energy. 

3-15  Energy  is  always  conserved. 

Does  energy  get  used  up  as  it  is  converted 
from  form  to  form?  For  example,  when  a 
stream  turns  the  wheels  of  a  generator,  the 
water  loses  energy  and  the  generator  gains 
energy.  Are  the  two  quantities  of  energy 
equal  or  has  some  energy  disappeared? 
When  the  electrical  energy  produced  by  the 
generator  is  used  to  operate  a  motor  in  a 


distant  factory,  is  the  energy  of  the  motor 
exactly  equal  to  the  electrical  energy  sent 
to  the  factory  by  the  generator  or  is  it  less? 

These  are  questions  that  are  not  easy  to 
answer  because  very  precise  measurements 
are  necessary.  In  the  case  of  the  motor,  for 
instance,  electrical  energy  is  being  con¬ 
verted  not  only  into  mechanical  energy,  but 
into  heat  and  sound  energy  as  well. 

Many  careful  measurements  made  over  a 
period  of  more  than  a  hundred  years  indi¬ 
cate  that  energy  is  a  quantity  that  does  not 
get  used  up.  Scientists  say  that  it  is  con¬ 
served.  The  law  of  conservation  of  energy 
is:  Energy  can  neither  be  created  nor  de¬ 
stroyed,  but  may  be  converted  from  one 
form  to  another.  Note  that  the  same  law 
can  be  applied  to  matter  since  matter  can 
be  converted  into  energy  (Sec.  3--14). 

When  a  speeding  car  hits  a  brick  wall, 
the  car  comes  to  rest  and  so,  eventually,  do 
the  bricks  of  the  wall.  What  has  become  of 
the  energy  of  the  car?  If  you  were  able  to 
investigate  the  situation  completely,  you 
would  find  that  most  of  the  car’s  mechanical 
energy  had  become  heat  energy,  making 
the  metal  of  the  car  and  the  rubber  of  the 
tires,  the  soil  of  the  earth  and  the  stones  of 
the  wall  just  a  little  hotter  than  before. 
Touching  a  nail  that  you  have  been  ham¬ 
mering  shows  you  that  mechanical  energy 
has  been  converted  to  heat  energy.  In  most 
cases  where  it  appears  that  energy  might 
have  disappeared,  you  will  find  that  the 
missing  energy  has  been  converted  to  heat. 


Self  Check 


1 .  In  what  way  is  the  energy  of  a  cloud  ( com¬ 
posed  of  many  drops  of  water)  like  the 
energy  of  a  moving  stream  of  water? 

2.  In  what  way  is  the  energy  of  a  cloud  differ¬ 
ent  from  the  energy  of  a  moving  stream  of 
water? 

3.  What  energy  conversion  takes  place  in  an 
electric  clock? 
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CHAPTER  THREE 


4.  Name  seven  forms  of  energy  and  tell  which 
are  stored  forms. 

5.  Why  is  an  understanding  of  mechanical 
energy  fundamental  to  an  understanding  of 
most  other  forms? 

6.  Give  a  definition  of  energy. 

7.  What  is  the  law  of  conservation  of  energy? 


Discussion  Questions 


1 .  Trace  the  energy  conversions  from  a  pile  of 
coal  to  the  heat  in  an  electric  toaster. 

2.  Trace  the  energy  conversions  from  the  heat 


from  the  sun  to  the  energy  of  a  home-run 
baseball. 

3.  If  you  roll  a  ball  along  a  level  floor  it  slows 
down  and  comes  to  rest.  What  has  hap¬ 
pened  to  its  original  energy? 

4.  What  everyday  experiences,  not  described 
in  the  text,  show  that  mechanical  energy  is 
easily  converted  to  heat? 

5.  It  is  sometimes  said  that  the  sun  is  the 
source  of  all  energy  on  the  earth.  Does  this 
apply  to  the  energy  obtained  from  coal? 
oil?  water  power?  uranium?  Explain. 

6.  Can  you  think  of  devices  that  make  the 
following  energy  conversions:  light  to  elec¬ 
trical;  mechanical  to  light;  sound  to  electri¬ 
cal;  sound  to  mechanical? 


Measuring  Energy 


Since  energy  is  the  ability  to  do  work,  the 
quantity  of  energy  is  measured  in  work 
units.  When  work  is  done  on  an  object,  the 
object  gains  energy  equal  to  the  amount  of 
work  done.  If  the  object  does  work,  it  loses 
energy;  the  amount  it  loses  is  equal  to  the 
work  it  has  done. 

3-16  Potential  energy  is  easily  meas¬ 
ured.  The  potential  energy  of  an  object  is 
equal  to  the  work  done  on  it  to  put  it  into 
its  position  or  condition.  It  is  also  equal  to 
the  work  the  object  can  do  when  released 
from  its  position  or  condition. 

If  you  lift  a  weight,  the  force  you  exert 
is  equal  to  its  weight.  For  example,  if  you 
lift  a  2.00  kg  object  1.00  m,  the  work  you 
do  is: 

work  =  Fs 

=  Wh  (h  being  the  height  you  raise  it) 
=  mgh  (since  W  =  mg) 

=  2.00  kg  X  9.80  m/sec.2  X  1.00  m 
=  19.60  NX  1.00  m 
=  19.6  J 


The  potential  energy  of  the  object  is 
equal  to  the  work  done  on  it  to  raise  it,  or 
19.6  J.  If  you  drop  the  weight,  it  will  be 
able  to  do  19.6  J  of  work  on  the  object  that 
it  hits. 

Potential  energy  is  always  measured  with 
respect  to  some  point.  For  example,  in  Fig. 
3-8,  a  boy  is  holding  a  1.00-kg  block  above 
a  table.  The  block  has  a  potential  energy 
with  respect  to  the  table,  equal  to  the  work 
done  to  lift  it  0.50  m. 

Fig  ure  3-8  Potential  energy  must  be  meas¬ 
ured  with  respect  to  some  point.  The  potential 
energy  of  the  block  with  respect  to  the  table 
is  4.9  J.  Its  potential  energy  with  respect  to 
the  floor  is  1 4.7  J. 


1.50  m 
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Ev  =  mgh 

=  1.00  kg  x  9.80  m/sec2  X  0.50  m 
=  4.9  J 

If  the  block  drops  to  the  table,  it  can  do 
4.9  J  of  work.  This  will  be  converted  partly 
to  sound  energy,  but  mostly  to  heat  energy, 
warming  both  the  block  and  the  table. 

With  respect  to  the  floor,  the  block  of 
Fig.  3-8  has  a  potential  energy  equal  to 
the  work  done  to  lift  it  1.50  m. 

Ep  =  mgh 

=  1.00  kg  X  9.80  m/sec2  X  1.50  m 
-  14.7  J 

If  the  block  drops  to  the  floor,  it  can  do 
14.7  J  of  work  when  it  hits. 

If  you  are  working  with  English  units  in 
a  problem,  then  you  will  use  Ep  —  Wh,  with 
W  expressed  in  lb.  This  is  illustrated  by 
Example  3  at  the  right. 

3-17  Kinetic  energy  equals  work  done. 

The  kinetic  energy  of  an  object  is  equal  to 
the  work  done  to  accelerate  it  from  rest. 
Suppose  that  you  have  lifted  a  5.0-lb  stone 
a  height  of  6.0  ft.  The  potential  energy  of 
the  stone  is: 

Ep  =  Wh 

=  5.0  lb  X  6.0  ft  =  30  ft-lb 

Now  drop  the  stone.  It  falls,  gaining 
speed  as  it  goes.  Obviously,  it  has  kinetic 
energy,  the  energy  of  motion,  and  the 
amount  of  kinetic  energy  is  increasing.  The 
kinetic  energy  is  equal  to  the  work  done  on 
the  stone  as  it  falls.  To  calculate  this  en¬ 
ergy  you  need  to  know  the  size  of  the  force 
acting  and  the  distance.  The  force,  in  the 
direction  of  the  motion,  is  the  weight  of 
the  stone.  Therefore,  if  the  stone  has  fallen 
2.0  ft,  the  kinetic  energy  is: 

Ek  =  work  done  to  accelerate  the  falling  object 
=  weight  of  the  object 

X  the  distance  it  has  fallen 
=  5.0  lb  X  2.0  ft  =  10  ft-lb 


EXAMPLE  3 

A  2000-lb  weight  is  dropped  10  ft  onto  the  top 
of  a  post  and  drives  the  post  1.0  ft  into  the  ground, 

(a)  How  much  energy  does  the  weight  deliver  to  the 
post?  (b)  How  much  work  can  the  weight  do? 
(c)  With  what  average  force  does  it  drive  the  post? 

Given:  W  =  2000  \b;h  =  10  ft  +  1  ft-  =  11 

ft  (because  the  weight  ends  up  11  ft 
lower  than  its  starting  point);  S  (for 
post)  =  1 .0  ft 

To  find:  (a)  Ep  of  weight;  (b)  work  done  by 
weight;  (c)  F  on  post 

Solution:  (a)  Ep  =  Wh 

=  2000  lb  X  1  1  ft 
=  2.2  X  104  ft-lb,  Answer 

(b)  2.2  X  1  04  ft-lb,  Answer 

(c)  work  =  Fs 

2.2  X  104  ft-lb  =  F  X  1.0  ft 
_  2.2  X  104  ft-lb 

1.0  ft 

=  2.2  X  104  lb,  Answer 


In  the  meantime,  what  has  happened  to 
the  potential  energy  of  the  stone?  After  it 
has  fallen  2.0  ft,  the  stone  is  4.0  ft  from  the 
ground,  so  its  potential  energy  is: 

Ep  =  Wh 

=  5.0  lb  X  4.0  ft  =  20  ft-lb 

At  this  point  the  stone  has  a  kinetic  en¬ 
ergy  of  10  ft  •  lb  and  a  potential  energy  of 
20  ft  •  lb,  making  a  total  of  30  ft  •  lb.  Notice 
that  this  is  just  exactly  the  energy  it  had 
when  it  was  held  in  your  hand  at  a  height 
of  6.0  ft.  Some  of  the  original  potential 
energy  has  changed  to  kinetic  energy.  No 
energy  has  been  created;  no  energy  has  been 
destroyed.  The  energy  has  been  conserved. 


Ek  =  0 


Ek  =  5.01b  X  2.0  ft  =  1 0  ft  lb 


Ek  =  5.0  lb  X  5.0  ft  =  25  ft-lb 


Ek  =  5.01b  X  6.0  ft  =  30  ft-lb. 


6.0 


5.0 


4.0 


3.0 


2.0 


1.0 


Ev  =  5.0  lb  X  6.0  ft  =  30  ft-lb  Ep  +  Ek  =  30  ft-lb 


Ep  =  5.0  lb  X  4.0  ft  =  20  ft-lb  Ep  +  Ek  =  30  ft-lb 


Ep  =  5.0  lb  X  1 .0  ft  =  5.0  ft-lb  Ep  +  Ek  =  30  ft-lb 

Ep  +  Ek  —  30  ft-lb 


}_EV  =  0 


Figure  3-9  When  a  5.0-lb  rock  is  6.0  feet  above  the  ground,  it  has  30  ft  •  lb  of  potential 
energy.  As  it  falls,  its  potential  energy  decreases  and  it  gains  kinetic  energy. 


Figure  3-9  illustrates  this  problem  and 
shows  the  values  of  kinetic  and  potential 
energy  at  four  different  levels.  In  every 
case,  their  sum  is  the  same. 


3-18  I  ncreasing  the  velocity  increases 
the  kinetic  energy.  The  faster  an  object 
moves,  the  greater  is  its  kinetic  energy. 
This  energy  is  equal  to  the  work  that  is 
done  to  accelerate  it  from  rest  to  its  ve¬ 
locity: 

Ek  =  work  =  Fs 


In  this  case,  F  is  the  unbalanced  force  ac¬ 
celerating  the  body.  According  to  Newton’s 
second  law: 


F  =  ma 

Therefore 

Ek  —  mas 


When  an  object  is  accelerated  from  rest, 
the  distance  is  given  by  the  equation: 

s  =  \at2 

This  can  be  substituted  for  s  in  the  kinetic 
energy  equation: 

Ek  =  ma  X  |-a/2  =  \ma2t 2  =  \ m[at )2 

But  when  an  object  accelerates  from  rest, 
its  velocity  is: 


Substitute  u2  for  (at)2  in  the  equation  for 
energy: 

Ek  =  \mv2 

One  interesting  fact  about  this  equation 
is  that  acceleration  is  not  a  factor  in  it.  The- 
energy  of  a  moving  body  depends  on  its 
mass  and  on  its  velocity,  and  is  not  affected 
by  how  quickly  it  reached  that  velocity.  See 
Example  4. 


EXAMPLE  4 


What  is  the  kinetic  energy  of  a  1  0-kg  rocket  travel¬ 
ing  at  800  m/sec? 

Given:  m  =  10  kg  v  =  800  m/sec 


To  find:  Ek 
Solution:  Ek  =  imv“ 

Ek  =  i  X  1 0  kg  X 

sec" 

=  3.2  X  1 0()  kg-m2/sec2 
=  3.2  X  1  0C  J,  Answer 


(800) 


2  m2 


The  kinetic  energy  equation  works 
equally  well  in  British  engineering  units  if 
you  convert  pounds  of  mass  to  slugs.  How- 
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ever,  the  equation  can  be  written  in  another 
form,  involving  weight  only,  and  then  you 
do  not  need  to  use  slugs.  Since  W  =  mg, 
then  m-W/g.  When  this  is  substituted 
for  m  in  the  kinetic  energy  equation,  you 
have: 

Wv2 

Lk  = 

29 

Study  Examples  5  and  6  below. 


EXAMPLE  5 


What  is  the  kinetic  energy  of  a  2000-lb  car  travel¬ 
ing  at  60  mi/hr? 

Given:  W  =  2000  lb 

V  —  60  mi/hr  =  88  ft/sec 


To  find:  Ek 
Solution:  Ek 


Wv2 

2000  lb  X  (88)2  ft2/ sec2 
2  X  32  ft/sec2 
2.4  X  1  0°  ft-lb,  Answer 


EXAMPLE  6 

If  the  car  of  Example  5  travels  200  ft  while  being 
brought  to  a  stop,  what  average  force  has  acted  to 
slow  the  car? 

Given:  Ek  =  2.4  X  10’’  ft-lb  (from  Example  5) 

S  =  200  ft 

To  find:  F 

Solution:  Ek  =  work  done  by  car  while 
slowing  down 

Eh  =  Fs 

_  2.4  X  105  ft-lb 
200  ft 

F  =  1.2  X  103  lb 

This  is  the  average  force  exerted  by  the 
car  while  it  is  stopping.  It  is  opposed  by 
an  equal  and  opposite  stopping  force. 

Answer 


Self  Check 


1 .  If  you  lift  a  2-lb  weight  3  ft,  how  much 
work  do  you  do? 

2.  As  a  result  of  the  lifting,  what  change,  if 
any,  has  occurred  in  the  energy  of  the 
weight? 

3.  If  the  weight  is  then  dropped,  what  is  its 
energy  after  falling  1  ft? 

4.  After  falling  3  ft,  what  is  its  energy  while 
it  is  still  moving? 

5.  What  becomes  of  the  energy  when  the 
weight  comes  to  rest? 

6.  One  hundred  joules  of  work  are  done  on 
a  spring  to  compress  it.  What  is  its  poten¬ 
tial  energy? 

7.  If  the  spring  is  used  to  shoot  a  projectile, 
how  much  energy  will  it  give  to  the  pro¬ 
jectile? 

8.  Will  the  energy  given  to  the  projectile  be 
kinetic  or  potential? 

9.  Compare  the  kinetic  energies  of  two  balls 
that  have  fallen  the  same  distance,  if  one 
of  them  has  twice  the  mass  of  the  other. 

1 0.  Compare  the  kinetic  energies  of  two  balls 
if  their  masses  are  the  same,  but  one  has 
twice  the  speed  of  the  other. 


Problems 


1  •  A  10-lb  weight  is  held  3.0  ft  above 
the  floor  of  a  room.  What  is  its  potential  energy 
with  respect  (a)  to  the  floor?  (b)  to  the  floor 
of  the  cellar  10  ft  below  the  floor  of  the  room? 

2.  A  10.0-kg  rock  is  dropped  20.0  m. 
(a)  How  much  work  can  it  do?  (b)  What  be¬ 
comes  of  the  energy  after  it  hits? 

3.  A  spring  is  compressed  10  cm  by  the 
application  of  an  average  force  of  50  N.  (a) 
What  is  the  potential  energy  of  the  spring? 
(h)  If  the  spring  is  used  to  shoot  a  20-g 
pebble  straight  up  in  the  air,  how  high  will  the 
pebble  rise?  (Hint:  How  much  work  will  the 
spring  he  able  to  do  on  the  pebble?  How  much 
potential  energy  will  the  pebble  have  when  it 
gets  to  its  maximum  height?) 

4.  What  is  the  kinetic  energy  of  a  2.0-kg 
mass  that  has  fallen  5.0  m? 
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5.  A  10.0-kg  object  is  raised  20.0  m  and 
then  dropped.  When  it  has  fallen  5.0  m  find 
its  (a)  kinetic  energy;  (b)  potential  energy. 
Cheek  your  work  by  finding  (c)  the  potential 
energy  when  the  object  was  20.0  m  high. 

6.  A  2.0  oz.  pebble  is  dropped  from  a 
bridge  1053  feet  above  the  river  below.  Find 
the  kinetic  energy  of  the  pebble  as  it  hits  the 
water  after  being  dropped  from  the  bridge. 

7.  A  ball  with  a  mass  of  200  g  strikes  the 
hand  of  a  catcher  and  is  stopped  in  a  distance 
of  0.50  m.  The  ball  was  traveling  at  20  m/sec 
when  it  struck,  (a)  What  was  its  kinetic 
energy?  (b)  How  much  work  did  it  do  on  the 
hand  of  the  catcher?  (c)  What  became  of  the 
energy  of  the  ball?  (d)  With  what  average 
force  did  it  strike  the  hand? 

8.  How  much  work  must  be  done  on  a 
0.50-lb  ball  to  give  it  a  velocity  of  50ft/sec? 
If  your  hand  moves  2.5  ft  while  throwing  this 
ball,  what  is  the  average  force  that  you  apply? 

9.  A  5.0-kg  stone  falls  for  10  sec.  Find 
its  kinetic  energy  (a)  from  its  velocity;  (b) 
from  its  loss  of  potential  energy. 

1 0.  A  pendulum  clock  is  wound  by  raising 
a  2-lb  weight  3  ft.  It  will  run  for  30  hr  on  one 
such  winding.  What  is  the  power  consumption 
of  the  clock? 

11.  A  1000-kg  object  falls  80.0  m  to  the 
ground  and  sinks  0.50  m  into  the  ground. 
What  was  the  average  force  of  the  impact? 

^^12.  How  many  cubic  feet  of  water  per 
minute  would  have  to  fall  from  the  top  of  a 
reservoir  down  to  the  water  wheel  200  ft  below 
in  order  to  generate  1.0  kW  of  power,  if  none 
of  the  energy  were  wasted? 

13.  Show  that  energy  is  conserved  in  the 
collision  of  Problem  5,  p.  52. 


Discussion  Questions 


1 .  When  you  drop  a  ball  it  does  not  bounce 
back  to  the  level  from  which  you  dropped 
it.  Why? 

2.  The  point  was  made  in  the  chapter  that 
potential  energy  must  be  measured  relative 
to  some  specific  level.  Is  the  kinetic  energy 
of  an  object  also  a  relative  quantity? 


Chapter 

Summary 


Work  is  done  when  a  force  acts  through  a 
distance.  The  work  done  is  equal  to  the  prod¬ 
uct  of  the  force  and  the  distance  in  the  direc¬ 
tion  of  the  force.  If  the  two  are  not  in  the  same 
direction,  then  the  work  is  equal  to  the  dis¬ 
tance  times  the  component  of  the  force  in  the 
direction  of  the  distance.  Work  is  measured  in 
joules,  ergs,  foot  •  pounds,  and  kilowatt  •  hours. 

Power  measures  the  rate  at  which  work  is 
done.  It  is  equal  to  the  amount  of  work  per 
unit  of  time.  It  is  also  equal  to  the  product  of 
a  force  and  the  speed  of  motion.  Power  can 
be  measured  in  watts  and  horsepower. 

Energy  is  defined  as  the  ability  to  do  work, 
and  is  measured  in  work  units.  Energy  exists 
in  various  forms.  Mechanical  energy  may  be 
kinetic,  the  energy  of  motion;  or  potential,  the 
energy  of  position  or  condition.  Other  forms 
of  energy  are  heat,  light,  sound,  and  electrical 
energy,  and  the  stored  forms,  chemical  energy 
and  matter.  Energy  may  be  changed  from 
form  to  form,  but  may  neither  be  created  nor 
destroyed.  This  is  known  as  the  law  of  con¬ 
servation  of  energy. 

The  energy  possessed  by  an  object  is  equal 
to  the  work  done  on  it  to  put  it  into  its  position 
or  condition  or  to  give  it  motion.  The  potential 
energy  of  a  raised  weight  is  equal  to  the  work 
done  on  it  to  raise  it.  The  kinetic  energy  of  a 
moving  object  is  equal  to  the  work  done  to 
bring  it  up  from  zero  velocity  to  whatever 
velocity  it  has  when  the  kinetic  energy  is  cal¬ 
culated.  As  an  object  falls,  its  potential  en¬ 
ergy  is  converted  to  kinetic  energy.  The  ki¬ 
netic  energy  of  a  falling  body  can  be  calcu¬ 
lated  from  its  loss  of  potential  energy;  the  ki¬ 
netic  energy  of  any  body  can  be  calculated 
from  its  mass  and  velocity.  If  an  object  does 
work  on  another  object,  it  loses  energy  equal 
to  the  work  done. 

Vocabulary- 

work  ( pp .  55,  56,  59)  joule  ( p .  57) 
newton  •  meter  dyne  •  centimeter 

(p.  57)  (p.  57) 
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erg  (p.  57) 
foot-pound  (p.  57) 
component  (p.  59) 
power  (p.  61) 
horsepower  (p.  62) 
watt  (p.  62) 
kilowatt  (p.  62) 
kilowatt  •  hour 

(p.  62) 

thrust  (p.  63) 
energy  (p.  64) 
kinetic  energy  (p.  64) 


potential  energy 
(p.  64) 

mechanical  energy 
(p.  64) 

energy  conversion 
(p.  64) 

forms  of  energy 
(p.  64) 

chemical  energy 
(p.  65) 

law  of  conservation  of 
energy  (p.  65) 


Problems 

1 .  A  man  ties  a  rope  around  a  heavy 
rock  and  pulls  with  a  force  of  100  lb  until  he 
is  exhausted,  without  succeeding  in  moving  the 
rock.  Find  the  work  done  on  the  rock. 

2.  A  man  exerts  a  horizontal  force  of 
20  N  to  push  a  10-kg  table  across  a  level  floor 
a  distance  of  5.0  m.  How  much  work  does  he 
do? 

3.  A  10-kg  mass  is  lifted  50  m.  How 
much  work  is  done? 

4.  A  man  exerts  a  force  of  30  lb  to  slide 
a  100-lb  load  up  a  slope.  If  the  force  is  exerted 
along  the  slope  and  the  load  moves  20  ft  along 
the  slope,  how  much  work  is  done  on  the  load? 

5.  The  wind  blows  on  the  sail  of  a  boat 
with  a  force  of  3000  N.  The  wind  blows 
directly  from  the  north,  but  the  boat  travels 
in  a  southeasterly  direction  at  an  angle  of  120°, 
measured  from  north.  If  the  boat  moves  500 
m,  how  much  work  is  done  on  it? 

6.  A  crane  loads  cars  onto  a  freighter. 
Each  car  weighs  2500  lb  and  must  be  lifted 
50  ft  and  then  moved  40  ft  horizontally.  If  the 
crane  loads  a  car  in  2.0  min,  what  is  the  aver¬ 
age  horsepower  delivered  by  the  crane? 

7.  The  observation  platform  in  the  Husky 
Tower  at  Calgary,  Alberta  is  516  feet  above 
street  level.  How  much  work  is  done  by  a 
160  lb  man  in  climbing  from  the  street  to  this 
platform? 

8.  A  10-kg  rock  rolls  down  the  side  of  a 
mountain,  finally  coming  to  rest  at  a  point 
1.0  km  lower  than  its  starting  point.  How 
much  work  did  it  do? 

9.  You  are  in  an  airplane  1  mi  up,  travel¬ 
ing  at  240  mi/hr.  Find  (a)  your  kinetic  energy 


with  respect  to  the  floor  of  the  plane  if  you 
weigh  120  lb  and  your  center  of  gravity  is 
2.0  ft  above  the  floor;  (b)  your  potential 
energy  with  respect  to  the  floor  of  the  plane; 
(c)  your  kinetic  energy  with  respect  to  the 
earth;  (d)  your  potential  energy  with  respect 
to  the  earth. 

1 0.  A  20-g  bullet  travels  with  a  velocity  of 
600  m/ sec.  How  high  will  the  bullet  rise  if  it  is 
shot  vertically  upward?  Solve  using  energy 
ideas  and  check  by  using  falling  bodies  ideas 
from  Chapter  3.  Assume  that  the  friction  of 
the  air  is  unimportant. 

1 1 .  The  purpose  of  this  problem  is  to 
compare  the  work  available  to  the  average 
householder  in  his  use  of  electricity  with  the 
work  required  to  build  the  Great  Pyramid  at 
Giza  in  Egypt.  The  pyramid  has  a  total  weight 
of  about  6,800,000  tons  and  is  450  ft  high.  The 
work  to  raise  this  amount  of  stone  to  its  vary¬ 
ing  height  in  the  pyramid  is  equal  to  the  work 
done  to  raise  all  of  it  one  quarter  of  the  way 
to  the  top.  If  the  average  annual  consumption 
of  electricity  is  2500  kWh,  how  many  house¬ 
holds  would  have  to  give  up  their  quota  to  get 
the  pyramid  built  in  one  year? 

12.  A  20-g  bullet  enters  a  block  of  wood 
at  300  m/sec  and  leaves  it  on  the  other  side  at 
200  m/sec.  If  the  block  was  10  cm  thick,  what 
was  the  average  force  of  the  bullet  as  it  passed 
through  the  wood? 


Discussion  Questions 

1.  If  you  drop  a  ball,  are  you  doing  work? 
Does  the  ball  have  work  done  on  it? 

2.  Does  your  heart  do  work? 

3.  If  a  rocket  has  a  constant  thrust  as  it  ac¬ 
celerates,  is  its  power  output  constant? 
Why? 

4.  The  truck  in  Fig.  3—7  actually  has  a  greater 
power  output  than  was  calculated  in  the 
text.  Why  is  this  so? 

5.  Why  is  a  homeowner  billed  for  kilowatt 
hours  instead  of  kilowatts? 

6.  If  you  lift  a  1-kg  book,  is  the  weight  of  the 
book  the  force  that  does  the  work? 

7.  Compare  the  speed  of  a  baseball  after  being 
hit  by  a  bat  with  the  speed  of  the  ball  as  it 
approached  the  bat. 
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Courtesy  of  Wilson  M.  Powell,  Radiation  Laboratory,  University  of  California. 


X-rays  entered  at  the  upper  left  but  made  no  tracks  because  they  are  not  charged  particles. 
At  the  tip  of  the  arrow  a  photon  has  been  converted  into  two  particles,  which  curve  in  opposite 
directions  in  the  magnetic  field.  Measurements  of  the  tracks  indicate  that  the  lower  particle 
was  an  electron.  The  upper  particle  was  a  positron,  which  is  exactly  like  an  electron  in  mass 
but  opposite  in  charge.  Page  97  explains  how  scientists  learn  about  invisible  particles. 


Matter  and  Energy 


For  almost  200  years  after  the  death  of  Newton,  his  ideas  represented  the 
complete  description  of  the  physical  behavior  of  matter  in  motion.  So  well 
established  were  these  laws  that  physicists  felt  that  research  in  the  future  would 
be  largely  devoted  to  measuring  various  constants  (like  G  in  the  gravitation 
equation)  with  higher  and  higher  accuracy.  Albert  Michelson  wrote,  “While 
it  is  never  safe  to  affirm  that  the  future  of  Physical  Science  has  no  marvels  in 
store  even  more  astonishing  than  those  of  the  past,  it  seems  probable  that  most 
of  the  grand  underlying  principles  have  been  firmly  established.” 

Then  came  an  explosion  of  new  discoveries  that  has  made  the  twentieth 
century  in  science  as  exciting  as  the  seventeenth  of  Galileo  and  Newton.  The 
explosion  started  in  the  1  890’s  and  continues  today.  Physicists  found  out  that 
the  mass  of  an  object  is  not  a  constant,  but  grows  when  the  energy  of  an  object 
increases.  Chemists  during  the  nineteenth  century  had  discovered  that  all 
matter  is  made  up  of  a  few  more  than  ninety  elements.  Scientists  now  know 
that  the  elements  are  composed  of  tiny  particles  (see  opposite  page),  many  of 
them  having  electric  charges.  They  have  discovered  how  to  change  one  ele¬ 
ment  into  another  by  using  their  knowledge  of  these  elementary  particles. 

Many  other  discoveries  have  come.  In  this  chapter  you  will  learn  about 
three  of  them:  the  relationship  between  mass  and  energy,  the  basic  structure 
of  matter,  and  how  matter  is  changed  from  one  form  to  another. 


The  Relationship  Between  Mass  and  Energy 


4-1  Mass  increases  with  velocity. 

Electrons  are  extremely  tiny  particles  of 
matter.  Millions  of  them  rush  down  the 
length  of  a  television  tube  at  tremendous 
speed  and  crash  into  the  screen  at  the  end. 
This  is  what  makes  it  glow  and  forms  the 
picture.  A  television  tube  is  one  member 
of  a  family  called  cathode-ray  tubes.  With 
these  tubes  it  is  possible  to  learn  a  great 


deal  about  electrons  and  how  they  behave. 
Using  a  cathode-ray  tube,  a  number  of 
men  found  that  when  electrons  travel  at 
speeds  of  20,000  miles  a  second  and  more, 
they  have  more  inertia  than  they  do  when 
they  are  moving  slowly.  Mass  is  the  meas¬ 
ure  of  the  inertia  of  a  body,  so  it  seemed  as 
if  the  mass  had  increased. 

This  discovery  had  been  predicted  by 


mass  in  kg 
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Albert  Einstein  in  his  special  theory  of 
relativity  in  1905.  According  to  this  theory, 
at  ordinary  velocities  the  mass  of  an  object 
remains  so  nearly  constant  that  no  change 
can  be  detected;  but  when  the  speed  ap¬ 
proaches  that  of  light  in  a  vacuum  ( 1.86  X 
105mi/sec,  or  3.00  X  108  m/sec),  the  mass 
is  greatly  increased.  The  speed  of  light  in 
a  vacuum  is  constant  and  is  designated  by 
the  letter  c. 

The  mass  of  an  object  that  is  not  moving 
is  called  its  rest  mass  (m0).  The  mass  of 
an  object  in  motion  is  called  its  relativistic 
mass  ( m )  and  was  given  by  Einstein  as:* 


w0 


where  v  is  the  speed  of  the  moving  object. 

Now  suppose  that  an  object  moves  with 
a  speed  that  is  exactly  0.1  times  the  speed  of 
light.  It  would  be  going  at  1.86  X  104  mi/sec 
(3.00  X  10'  m/sec),  a  speed  fast  enough  to 
take  the  object  three  quarters  of  the  way 
around  the  earth  in  one  second.  According 

°  Also  called  the  Lorentz-Einstein  law  because 
it  was  derived  independently  by  H.  A.  Lorentz 
and  Albert  Einstein. 


to  the  Einstein  law,  what  effect  should  this 
have  on  its  mass? 

w0  w0 


w0  m0\/0.99 
~  \/099  ~~  0.99 

=  1.005w0 

The  relativistic  mass  in  this  case  is  not 
much  greater  than  the  rest  mass,  but  the 
increase  is  measurable,  as  experiments  with 
electrons  have  shown. 

Now  imagine  that  an  electron  is  moving 
at  exactly  half  the  speed  of  light.  In  this 
case  o  =  0.5  c,  and  ( v/c )2  becomes  0.25. 
Therefore 

w0 

m  =  — 

yO  .75 

=  1 .1 5m0 

This  is  a  15  percent  increase  in  mass.  A 
100-kg  object  moving  at  9.3  X  104  mi/sec 
(1.5  X  108m/sec)  would  have  a  mass  of 
115  kg. 

Obviously  the  mass  increases  have  not 
been  enormous,  even  at  the  very  high  ve¬ 
locities  imagined  in  the  two  examples  just 


0.4  c  0.6  c  0.8  c 

velocity  of  an  object  as  a  fraction  of  the 
speed  of  light  (c) 


Figure  4-1  When  an  object  is 
speeded  up,  its  mass  increases. 
The  mass  increases  very  slowly  un¬ 
til  its  velocity  approaches  C,  the 
velocity  of  light.  The  curve  of  the 
graph  comes  nearer  and  nearer  to 
the  line  marked  1 .0  C,  but  will 
never  touch  or  cross  it.  The  mass 
would  be  infiinite  if  the  velocity 
were  equal  to  C. 


0 


0.1c  0.2  c 
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used.  For  contrast,  let  v  =  0.98  c.  Now 
( v/c )2  becomes  0.96.  Therefore 

ra0 

m  =  — , 

\/  0.04 

m  —  5m0 

Here,  at  last,  is  a  mass  change  that  is  truly 
amazing.  According  to  Einstein’s  law,  if 
your  mass  is  70  kg  sitting  in  a  chair,  then 
your  mass  would  be  350  kg  if  you  were  to 
travel  at  98  percent  of  the  speed  of  light! 

Has  this  mass  change  been  checked  with 
electrons?  The  results  at  this  velocity  agree 
fairly  well  with  the  Einstein  prediction,  but 
at  such  speeds  the  accuracy  of  the  meas¬ 
urements  is  not  as  reliable  as  for  lower 
speeds.  Many  thousands  of  checks  on  the 
Einstein  law  have  been  made,  and  they  all 
agree  very  closely  for  speeds  up  to  about 
80  percent  of  the  speed  of  light  (149,000 
mi/sec).  At  higher  speeds  there  is  still 
good  agreement,  but  the  experiments  are 
less  accurate.  Figure  4-1  at  the  left  is  a 
graph  of  the  Einstein  law. 

The  fastest  man-made  objects  to  date 
are  probably  the  instrument  packages 
rocketed  into  space  from  the  earth.  They 
leave  the  earth  at  a  speed  of  approximately 
25,000  mi/hr  (7mi/sec).  Matter  at  that 
speed  should  increase  its  mass  by  only 
three  fourths  of  one  ten-millionth  of  one 
percent  if  the  Einstein  law  is  correct.  No 
wonder  that  for  almost  200  years  after 
Newton  no  one  guessed  that  mass  could 
change! 

Do  these  new  discoveries  mean  a  rejec¬ 
tion  of  Newton’s  laws  of  motion?  By  no 
means.  For  moving  bodies,  a  slight  cor¬ 
rection  must  be  made  in  the  mass.  How¬ 
ever,  this  correction  is  so  small  that  it  can 
be  called  zero,  except  when  the  speed  is 
very  great.  To  date,  speeds  great  enough 
to  cause  a  measurable  change  in  mass  occur 
only  with  atomic  particles. 

However,  no  one  says  that  Newton  was 
mistaken  or  that  his  laws  must  be  disre¬ 


garded.  Instead  physicists  now  say  that  the 
new  laws  are  more  general,  and  they  cover 
a  larger  variety  of  possible  cases  than  did 
Newton’s.  As  a  matter  of  fact,  the  new  laws 
(and  there  are  more  than  the  one  about 
mass)  agree  with  Newton’s  at  low  speeds. 

4-2  A  moving  mass  has  a  speed  limit. 

In  the  last  section,  the  relativistic  mass  was 
calculated  three  times.  Notice  what  hap¬ 
pens  to  the  denominator  of  the  Einstein 
equation  and  to  m  as  v  increases: 


Denominator 

V 

of  equation 

m 

0.10c 

Vo.99 

1 .005m0 

0.50c 

y/0. 75 

1.15  m0 

0.98c 

Vo7oa 

5.00  m0 

As  v  increases,  the  denominator  decreases 
and  in  increases. 

Now  think  about  the  situation  when  an 
object  moves  with  the  speed  of  light.  Then 
v  —  c. 


m0  m0  ra0 


You  have  probably  been  taught  that  you 
cannot  divide  a  number  by  zero.  Usually 
this  is  so,  but  in  this  case  it  is  possible  to 
find  some  kind  of  meaning  for  m0/0.  In 
order  to  do  this,  see  what  happens  when  v 


gets  larger 

than  0.98  c : 

Denominator 

V 

of  equation 

m 

0.99c 

V0-02 

7.07m0 

0.999c 

y/  0.002 

22.4  m0 

0.9999c 

y/0.0002 

70.7  m0 

0.99999 c 

\/0. 00002 

224.  m0 

The  denominator  of  the  equation  is  getting 
closer  and  closer  to  zero,  and  the  value  of 
m  is  getting  larger  and  larger.  At  this  point 
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CHAPTER  FOUR 


a  mathematician  begins  to  talk  about  what 
he  calls  the  limits  of  the  sequence  of  num¬ 
bers  in  each  column.  He  reasons:  As  v  ap¬ 
proaches  the  speed  of  light,  what  value 
does  the  denominator  of  the  equation  ap¬ 
proach  as  a  limit?  Obviously  it  is  approach¬ 
ing  zero.  At  the  same  time,  what  value  does 
m  approach  as  a  limit?  We  see  that  m  gets 
bigger  and  bigger  and  there  is  no  apparent 
end  to  its  increase.  Therefore,  m  can  grow 
to  a  size  that  is  infinitely  large. 

The  mathematician  uses  the  symbol  oo  to 
represent  infinity.  In  this  case: 

As  v  — >  c,  m  — >  oo 

Read  “approaches”  for  the  arrows:  As  v  ap¬ 
proaches  c,  m  approaches  infinity. 

So  much  for  mathematics.  Now  consider 
what  Einstein’s  equation  means  about  the 
physics  of  the  situation.  It  states  that  when 
an  object  is  accelerated,  its  mass  increases. 
Now  you  know  that  in  order  to  accelerate 
an  object,  you  must  apply  an  unbalanced 
force.  Here  the  form  in  which  Newton  ex¬ 
pressed  his  second  law  (see  Chapter  2, p. 
34 )  is  probably  the  most  helpful: 

p  _  A (mv) 

At 

The  force  is  proportional  to  the  rate  at 
which  the  momentum  (mv)  is  changing. 

Unlike  the  situations  considered  in  Chap¬ 
ter  2,  in  this  case  not  only  is  the  speed  in¬ 
creasing,  but  the  mass  is  also  growing. 
Therefore,  more  force  is  needed  than  in  the 
case  where  only  the  speed  increased.  But 
Einstein’s  equation  says  that  as  the  speed 
becomes  that  of  light  the  mass  becomes 
infinitely  large.  If  that  is  the  case,  then  the 
force  needed  to  work  with  such  a  mass 
would  itself  be  infinitely  large.  The  situa¬ 
tion  becomes  an  impossible  one.  It  is  for 
this  reason  that  physicists  have  concluded 
that  the  speed  of  light  in  a  vacuum,  1.86  X 
105  mi/sec,  or  3.00  X  108  m/sec,  probably 


is  the  speed  limit  for  a  moving  mass. 

Notice  the  word  probably  in  the  last  sen¬ 
tence.  It  is  used  because  the  equation  for 
relativistic  mass  has  been  checked  for  many 
values  of  v,  but  not  accurately  for  all  of  the 
higher  ones.  Therefore  it  cannot  be  said 
with  absolute  certainty  that  the  equation  is 
correct  for  all  values  of  v.  But  all  of  the 
evidence  gathered  so  far  shows  that  this  is  a 
good  equation,  and  a  scientist  draws  con¬ 
clusions  from  evidence.  Therefore  physi¬ 
cists  presently  believe  that  no  object  can 
move  either  at  the  speed  of  light  or  faster 
than  it.  If,  in  the  future,  they  were  to  obtain 
evidence  contrary  to  this,  they  would  be 
willing  to  change  their  opinions. 

4-3  Einstein  determines  the  energy 
equivalent  of  the  change  in  mass.  In 

Chapter  3  (pages  67-68)  you  learned  that 
the  kinetic  energy  of  a  moving  object  is 
equal  to  the  work  done  to  accelerate  it  from 
rest.  An  equation  was  derived  for  kinetic 
energy  in  terms  of  velocity:  Ek  =  ^mv2. 
However,  the  assumption  was  made  that 
the  mass  was  not  changing  when  the  object 
accelerated  —  a  good  enough  assumption 
for  ordinary  speeds. 

When  Einstein  concluded  that  the  mass 
of  an  accelerating  object  increases  with  its 
speed,  he  found  it  necessary  to  derive  a  new 
kinetic  energy  equation.  For  this  he  needed 
to  use  calculus,  and  the  derivation  is  com¬ 
plicated.  However,  the  final  equation  is 
surprisingly  simple: 

Ek  =  [m  —  m0  )c2 

The  kinetic  energy  of  a  moving  object 
equals  its  increase  in  mass  multiplied  by  the 
square  of  the  speed  of  light.  The  equation 
may  also  be  written  thus: 

A  E  —  A  me2 

In  this  form,  AE  represents  energy  added  to 
a  mass  and  Am  —  m  —  m0,  the  change  in 
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mass.  A E  is  called  the  energy  equivalent  of 
the  mass  change.  This  formula  is  often 
written  as  E  =  me2. 

4-4  Mass  is  stored  energy.  At  this 
point  Einstein  drew  a  conclusion  that,  at 
the  time,  seemed  incredible.  He  said  that 
matter  and  energy  are  the  same  thing,  that 
matter  is  another  form  of  energy.  His  rea¬ 
soning  was  something  like  this: 

You  cannot  increase  the  kinetic  energy 
of  an  object  without  increasing  its  mass 
proportionately. 

The  energy  put  into  an  object  is  there¬ 
fore  stored  in  it  as  an  increase  in  mass. 

Mass  is  stored  energy. 

If  mass  is  stored  energy,  then  what  about 
the  rest  mass  of  an  object?  The  object  has 
no  energy  of  motion.  Is  rest  mass  stored 
energy  too?  Einstein  said  that  it  was,  and 
that  if  scientists  could  invent  a  way  to  de¬ 
stroy  the  rest  mass  of  an  object,  they  could 
get  energy  out  of  it.  They  could  convert 
mass  into  active  energy. 

As  a  result  of  this  thinking,  Einstein  gave 
a  much  broader  meaning  to  A  E  —  A  me2.  A  E 
is  the  energy  involved  whenever  the  mass 
of  an  object  changes.  It  may  be  kinetic 
energy,  as  in  the  case  of  a  fast-moving  ob¬ 
ject.  On  the  other  hand,  if  you  succeeded 
in  destroying  some  of  the  rest  mass  of  an 
object,  you  might  turn  it  into  heat,  light, 
electricity,  or  some  other  energy  form. 

Einstein  was  a  theoretical  physicist.  He 
used  the  results  of  experiments  performed 
by  others,  such  as  the  ones  with  cathode-ray 
tubes  that  showed  that  mass  increases  as 
velocity  increases.  He  analyzed  the  results 
mathematically  and  drew  conclusions  like 
the  one  about  mass  and  energy.  Then  he 
suggested  ways  in  which  his  conclusions 
might  be  tested. 

It  was  impossible  to  test  some  of  his 
conclusions  at  the  time  because  no  one 
could  devise  a  method  of  doing  it.  The 


mass-energy  idea  was  finally  proved  experi¬ 
mentally  in  1932  on  a  small  scale  in  the 
laboratory.  Today  the  idea  is  being  put 
into  practical  use  in  nuclear  power  plants 
and  ship  propulsion  systems. 


Self  Check 


1 .  At  a  speed  of  60  mi/hr  is  the  mass  of  a  car 
greater  than  when  it  is  at  rest? 

2.  How  has  the  idea  that  mass  changes  with 
change  in  speed  been  checked? 

3.  What  order  of  speed  must  an  object  pos¬ 
sess  in  order  for  its  mass  change  to  be 
observable? 

4.  What  theory  is  concerned  with  change  of 
mass  with  speed?  Who  is  responsible  for 
the  theory?  Give  the  date. 

5.  What  is  the  mass  of  a  body  called  when  it 
is  not  moving?  When  it  is  moving? 

6.  What  is  probably  the  speed  limit  for  mov¬ 
ing  objects? 

7.  Why  is  it  unlikely  that  any  object  can  go 
faster  than  this  or  even  as  fast  as  this? 

8.  If  you  knew  the  mass  increase  of  a  moving 
object,  how  could  you  calculate  its  kinetic 
energy? 

9.  What  conclusion  did  Einstein  draw  about 
the  nature  of  matter  and  energy? 

10.  What  evidence  is  there  that  Einstein  was 
right? 


Problems 


1 .  What  is  the  relativistic  mass  at  a 
speed  of  0.80  c  of  an  object  with  a  rest  mass 
of  1.0  kg? 

2.  What  is  the  speed  in  m/sec  and  in 
mi/sec  of  a  particle  with  a  relativistic  mass 
exactly  twic^S  its  rest  mass?  Determine  the 
answer  to  three  significant  digits. 

3.  Check  the  values  for  m  given  in  the 
chart  on  p.75  for  very  high  speeds. 
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Conservation  of  Mass-Energy 


4-5  Matter,  like  energy,  is  conserved. 

If  you  burn  a  piece  of  wood,  you  find  that 
the  ashes  weigh  less  than  the  wood  did. 
However,  if  you  put  the  wood  inside  a 
closed  container  of  air  so  that  no  gas  can 
escape,  and  if  you  provide  a  means  of  ig¬ 
niting  it,  you  will  find  that  the  container 
and  its  contents  weigh  the  same  after  the 
burning  as  before  (Fig.  4-2). 

Hundreds  of  chemical  changes  like  this 
were  investigated  by  scientists  of  the  eight¬ 
eenth  and  nineteenth  centuries.  In  every 
case,  careful  weighing  showed  that  the 
weight  of  all  the  substances  present  at  the 
beginning  was  equal  to  the  weight  of  all  the 
substances  present  at  the  end.  Therefore, 
the  chemists  concluded  that  it  was  possible 
to  rearrange  matter  to  make  new  chemical 
combinations,  but  that  in  the  process  matter 
was  not  created  nor  destroyed.  They  called 
this  the  law  of  conservation  of  matter 

4-6  Mass  can  be  converted  to  energy. 

When  the  wood  burns  in  the  closed  con¬ 
tainer,  energy  in  the  form  of  light  and  heat 
is  given  off,  and  some  of  this  energy  escapes 
through  the  container  walls.  If  Einstein 
was  right  when  he  said  that  mass  and  en¬ 
ergy  are  really  the  same  thing,  then  the  con¬ 
tainer  and  wood  ashes  should  weigh  less 


after  the  burning  than  before.  The  mass 
represented  by  the  amount  of  energy  given 
off  by  a  chemical  change  like  this  is  so  small, 
however,  that  the  best  balance  ever  built 
cannot  detect  it. 

Nuclear  changes  such  as  those  in  nuclear 
power  plants  produce  much  more  energy 
per  gram  of  fuel  than  burning  does.  Physi¬ 
cists  have  weighed  small  quantities  of  mat¬ 
ter  before  and  after  a  nuclear  change.  They 
have  found  that  the  mass  is  less  after  the 
change,  and  that  the  loss  in  mass  has  pro¬ 
duced  energy  exactly  equal  to  A  me2,  where 
Am  is  the  loss  in  mass. 

Suppose  that  you  have  a  method  for  con¬ 
verting  mass  to  energy.  The  following  ex¬ 
ample  shows  how  to  calculate  how  much 
energy  would  be  obtained  from  a  given 
mass.  Study  Example  1  below. 


EXAMPLE  1 

How  much  energy  is  yielded  by  exactly  1  g  of  mass 
when  it  is  completely  converted  to  energy?  (One 
teaspoonful  of  water  weighs  almost  5  g.) 

Given:  m  (change  in  mass)  =  1  g  =  1 0-3  kg 

exactly 

To  find:  Energy  produced  by  this  change  in  mass 


Fig  ure  4-2  The  law  of  conservation  of  matter. 


oxygen 


wood 

chips 


If  you  burn  wood  in  a 
sealed  container,  you  find 
that  the  container  and  its 
contents  weigh  the  same 
after  the  chemical  change 
as  they  did  before. 


electric  wires  to 
heat  the  wood  to 
kindling  temperature 


Solution:  E  =  A  me2 

=  10-3  kg  X  (3.00  X  108  m/sec)2 
=  1 0— 3  kg  X  9.00  X  TO16  m2/sec2 
=  9.00  X  1013  kg-m2/ sec2 
=  9.00  X  TO13  J 

1  kWh 

=  9.00  X  1013  J  X  - — 

3.60  X  106  J 

=  2.50  X  10'  kWh,  Answer 


This  is  enough  energy  to  supply  10,000 
homes  with  all  the  electricity  they  require 
for  a  year.  You  would  have  to  burn  nearly 
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3,000,000  kg  of  coal  to  get  as  much  energy 
as  comes  from  1  g  of  converted  mass.  It  is 
no  wonder  that  the  search  for  methods  of  re¬ 
leasing  energy  from  matter  has  been  made. 
These  conversions,  however,  are  not  as  sim¬ 
ple  as  they  sound.  In  this  problem  it  was 
assumed  that  all  of  the  1  g  of  matter  was 
converted  to  energy.  There  is  no  method 
known  that  will  convert  all  of  a  given  quan¬ 
tity  of  matter  into  energy.  In  present  nu¬ 
clear  reactions  only  a  fraction  of  one  per 
cent  of  the  mass  is  converted  to  energy. 

4-7  Mass-energy  is  conserved.  The 

law  of  conservation  of  matter  has  been 
found  to  be  imperfect.  Is  the  law  of  con¬ 
servation  of  energy  also  imperfect?  This 
depends  on  how  you  think  about  mass.  If 
it  is  something  different  from  energy,  then 
the  law  of  conservation  of  energy  is  not  cor¬ 
rect.  However,  many  scientists  prefer  to 
think  that  mass  is  a  form  of  energy,  and  they 
calculate  its  energy  equivalent  from  the 
equation,  E  =  me1 2 3 4.  Here  m  represents  the 
total  mass,  including  the  rest  mass,  of  the 
object,  and  E,  the  total  energy.  If  this  is  the 
case,  then  when  conversions  take  place, 
energy  in  the  form  of  mass  might  become 
light  or  heat  energy,  with  nothing  really 
lost;  or  light  energy  might  become  mass, 
again  with  nothing  really  lost.  Then  the 
law  of  conservation  of  energy  is  called  the 
law  of  conservation  of  mass-energy  En¬ 
ergy  and  mass  can  be  converted  from  one 
form  to  another,  but  when  this  happens,  the 
total  quantity  of  mass-energy  remains  the 
same. 


Self  Check 


1 .  What  is  the  law  of  conservation  of  matter? 

2.  What  kinds  of  experiments  led  scientists  to 
accept  this  law? 

3.  In  what  way  is  the  law  imperfect? 

4.  Why  is  it  not  easy  to  measure  the  imperfec¬ 
tions  of  this  law? 


5.  What  equation  can  be  used  to  determine 
the  energy  produced  b>  conversion  of  mass 
into  energy? 

6.  Compare  the  energy  produced  by  a  chemi¬ 
cal  change  such  as  burning  with  the  energy 
produced  by  conversion  of  mass  into  en¬ 
ergy. 

7.  What  is  the  energy  equivalent  of  mass? 

8.  What  is  meant  by  mass-energy? 

9.  What  is  the  law  of  conservation  of  mass- 
energy? 


Problems 


1.  In  a  recent  year  the  total  amount  of 
electrical  energy  used  in  Canada  was  approxi¬ 
mately  1.34  X  1011  kwh.  If  this  could  have  been 
supplied  by  the  conversion  of  mass  into  energy, 
how  much  mass  would  have  been  needed?  Find 
the  answer  to  the  nearest  kilogram. 

2.  The  distance  to  the  nearest  star  other 
than  our  sun  is  4.3  light  years.  Its  light  takes 
that  long  to  reach  the  earth.  You  could  go 
there  and  back  in  8.6  years  if  you  could  travel 
with  the  speed  of  light.  Since  this  is  impos¬ 
sible,  take  a  more  reasonable  speed,  0.2  times 
the  speed  of  light,  for  example.  At  this  speed, 
you  could  get  there  and  back  in  43  years. 
Suppose  that  you  take  the  trip  in  a  spaceship 
with  a  rest  mass  of  100,000  kg.  How  much 
energy  in  kilowatt  •  hours  would  be  required  to 
accelerate  the  ship  to  the  necessary  speed? 
Compare  this  with  the  annual  consumption  of 
electrical  energy  in  Canada  as  given  in  prob¬ 
lem  1. 


Discussion  Questions 


1.  Compare  the  mass  of  the  sugar  in  a  plant 
leaf  with  the  masses  of  the  carbon,  oxygen, 
and  hydrogen  that  were  used  by  the  plant 
to  make  the  sugar. 

2.  This  chapter  so  far  has  largely  been  con¬ 
cerned  with  the  conversion  of  matter  into 
energy.  Can  energy  also  be  converted  into 
mattex? 
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The  Electrical  Nature  of  Matter 


“Observation  shows  me,”  said  Sherlock 
Holmes,  “that  you  have  been  to  the  Wig- 
more  Street  Post  Office  this  morning.” 

“Right!”  said  I.  “But  I  confess  that  I 
don’t  see  how  you  arrived  at  it.  It  was  a 
sudden  impulse  upon  my  part,  and  I  have 
mentioned  it  to  no  one.” 

“It  is  simplicity  itself,”  he  remarked, 
chuckling  at  my  surprise  —  “so  absurdly 
simple  that  an  explanation  is  superfluous. 
.  .  .  Observation  tells  me  that  you  have  a 
little  reddish  mud  adhering  to  your  instep. 
Just  opposite  the  Wigmore  Street  Office  they 
have  taken  up  the  pavement  and  thrown  up 
some  earth  which  lies  in  such  a  way  that  it 
is  difficult  to  avoid  treading  in  it  on  entering. 
The  earth  is  of  this  peculiar  reddish  tint 
which  is  found,  as  far  as  I  know,  nowhere 
else  in  the  neighborhood.” 

The  Sign  of  the  Four  by  A.  Conan  Doyle 

Modern  scientists  behave  much  like  Sher¬ 
lock  Holmes  when  they  try  to  describe  the 
basic  nature  of  matter.  They  use  indi¬ 
rect  evidence  to  get  a  mental  picture  of 
things  that  they  cannot  observe  directly. 
They  study  tracks  left  by  invisible  electrons 
speeding  through  a  cloud  chamber  (Fig. 
4—3).  They  fire  invisible  helium  atoms  at  a 

Fig  ure  4-3  The  white  tracks  in  this  cloud 
chamber  photograph  are  tiny  drops  of  water 
that  condensed  along  the  paths  of  electrons. 
You  cannot  see  the  electrons,  but  you  can  see 
where  they  have  been. 


metal  needle  and  find  out  how  they  bounce 
by  observing  the  flashes  made  when  the 
atoms  hit  a  fluorescent  screen  (Fig.  4-4). 

You  will  never  see  an  electron  or  an  atom. 
They  are  too  small.  One  cubic  centimeter 
of  air  contains  about  54,000,000,000,000,- 
000,000  (5.4  X  1019)  atoms.  This  is  almost 
twenty  billion  times  the  population  of  the 
earth.  Most  atmospheric  atoms  have  about 
seven  or  eight  electrons  as  part  of  their 
structure.  Despite  the  fact  that  atoms  are 
too  small  to  be  seen,  so  conclusive  is  the  in¬ 
direct  evidence  that  scientists  have  no 
doubts  that  they  exist.  Scientists  count 
atoms  and  electrons,  weigh  them,  determine 
their  average  speeds  and  distances  apart. 
More  is  known  about  the  nature  of  invisible 
atoms  and  electrons  and  how  they  behave 
than  about  the  nature  and  behavior  of  the 
much  more  easily  visible  people,  who  in¬ 
habit  the  earth. 

4-8  Producing  electric  charges  is  an 
ancient  activity.  Six  centuries  before  the 

Figure  4-4  This  photograph  shows  how  the 
atoms  are  arranged  in  a  crystal  of  tungsten. 
The  enlargement  in  this  picture  is  about 
1,350,000  diameters. 


a.  Two  strips  of  vinyl  plastic  can  be  charged 
by  rubbing  them  briskly  with  three  fingers. 


b.  As  a  result  of  being  charged,  the  two 
strips  repel  each  other. 


Figure  4-5 


Christian  era,  a  Greek  scholar  named  Thales 
is  reported  to  have  described  a  phenomenon 
which  may  have  been  known  many  cen¬ 
turies  before  his  time.  He  pointed  out  that 
amber,  which  might  be  called  a  natural 
plastic,  has  the  ability  when  rubbed  to  at¬ 
tract  small,  light  objects.  The  Greek  word 
for  amber  was  elektron,  from  which  have 
come  our  modern  terms  electricity  and 
electron. 

Other  electrical  phenomena,  such  as  light¬ 
ning  and  northern  lights,  have  also  been 
known  for  thousands  of  years.  Only  in  the 
last  200  years,  however,  has  man  begun  to 
understand  that  all  of  these  are  related  and 
are  a  result  of  the  fact  that  matter  is  elec¬ 
trical  in  nature. 

When  you  comb  your  hair  with  a  plastic 
comb,  your  hair  clings  to  the  comb.  A 
plastic  pen  rubbed  on  wool  clothing  attracts 
bits  of  paper.  An  inflated  rubber  balloon  or 
a  piece  of  paper  rubbed  on  the  wall  will 
often  stick.  All  of  these  are  examples  of  at¬ 
traction  between  static  (stationary)  electric 
charges 

The  electrostatic  force,  the  force  between 
static  charges,  may  also  be  one  of  repulsion. 
To  illustrate  this,  rub  two  strips  of  thin 
vinyl  plastic  with  three  fingers,  as  is  shown 
in  Fig.  4-5a.  After  a  few  brisk  strokes,  the 
strips  repel  each  other  and  stand  out  from 
one  another,  as  in  Fig.4-5b. 


Objects  that  have  been  electrified  by  rub¬ 
bing  may  produce  small  electric  sparks. 
You  may  have  noticed  this  when  you  walk 
across  a  rug  and  then  touch  some  metal  ob¬ 
ject  or  another  person.  Girls  combing  their 
hair  often  hear  it  crackle  due  to  the  many 
tiny  sparks  they  have  produced.  If  this  is 
done  in  a  dark  room,  you  may  see  the 
sparks.  Special  electrostatic  generators  can 
produce  large  charges  by  rubbing.  Man¬ 
made  lightning  bolts  jump  50  ft  or  more 
from  such  generators. 

All  of  these  phenomena  are  more  readily 
observed  in  dry  weather  or  in  the  dry  air  of 
a  heated  house  in  winter  than  they  are  in 
moist  air,  for  the  charge  tends  to  leak  off 
the  rubbed  object  when  the  air  is  humid. 

4-9  There  are  two  kinds  of  electric 
charge.  So  far,  these  simple  observations 
show  that  when  objects  are  electrified  by 
rubbing,  sometimes  there  is  attraction  and 
sometimes  repulsion.  The  next  step  is  to 
make  a  more  scientific  investigation,  using 
very  simple  equipment. 

Rub  strips  of  vinyl  plastic  as  shown  in 
Fig.  4-5a,  and  clip  them  to  a  hanging 
string  ( Fig.  4-6a  ) .  The  two  charged  strips 
repel  each  other.  Since  both  were  treated 
in  the  same  way,  they  have  the  same  kind 
of  charge.  Call  it  charge  A.  Obviously 
charge  A  on  one  strip  repels  charge  A  on 
the  other. 
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Figure  4-6  ( From  left  to  right )  a.  Charged  vinyl  plastic 
strips  repel  each  other,  b.  Charge  fiberglass  strips  by 
rubbing  them  with  vinyl  plastic,  c.  The  charged  fiberglass 
strips  repel  each  other,  d.  The  charged  fiberglass  strips 
and  the  charged  vinyl  plastic  strips  attract  each  other. 


Now  use  two  strips  of  thin  fiberglass  cloth 
from  an  old  window  curtain.  Cover  one 
hand  completely  with  a  plastic  bag  and  use 
this  hand  to  rub  the  strips  (Fig.  4— 6b). 
These  charged  strips  also  repel  each  other 
(Fig.  4-6c).  Since  they  were  treated  alike, 
the  charge  on  the  two  fiberglass  strips  must 
be  the  same.  What  you  do  not  know  is 
whether  it  is  the  same  kind  as  the  charge 
on  the  plastic.  Therefore  call  it  charge  B. 
Obviously  charge  B  on  one  strip  repels 
charge  B  on  the  other. 

Next  bring  the  fiberglass  strips  near  the 
hanging  plastic  ones  (Fig.  4— 6d).  There  is 
attraction  between  the  two  kinds  of  strips. 
Charge  A  and  charge  B  attract  each  other. 
They  must  be  different  kinds  of  charges 
because  if  they  were  alike  they  would  repel 
each  other. 

People  have  experimented  with  many 
kinds  of  materials,  but  they  have  never 
found  more  than  these  two  kinds  of  charge. 


Always  when  the  charges  are  alike,  they 
repel  each  other,  and  when  they  are  unlike 
they  attract  each  other. 

Before  the  time  of  Benjamin  Franklin, 
various  names  were  given  to  the  two  kinds 
of  charges.  One  investigator  called  the 
charge  that  forms  on  amber  resinous  and 
the  charge  that  forms  on  glass  vitreous. 
Franklin  called  them  negative  and  positive, 
names  we  still  use.  The  negative  charge  is 
the  one  produced  on  vinyl  plastic  when  you 
rub  it  with  your  hand.  The  positive  charge 
is  the  one  produced  on  the  fiberglass  when 
you  rub  it  with  plastic. 

To  explain  what  happens  when  objects 
become  charged,  scientists  set  up  suggested 
explanations,  or  hypotheses.  One  hypothe¬ 
sis  was  that  of  Benjamin  Franklin,  who  sug¬ 
gested  that  there  might  be  an  electrical  fluid 
in  every  object.  According  to  this  hypothe¬ 
sis,  when  two  objects  are  rubbed  together, 
some  of  the  “fluid”  passes  from  one  object  to 
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the  other.  The  one  with  the  extra  supply 
of  “fluid”  becomes  positively  charged;  the 
one  with  the  decreased  supply,  negatively 
charged. 

When  various  hypotheses  are  put  forth  to 
account  for  some  observations,  scientists 
prefer  the  one  that  is  simple,  fits  the  facts, 
and  leads  to  new  ideas  and  experiments 
that  work  in  practice.  The  hypothesis 
which  is  accepted  today  is  somewhat  like 
that  of  Franklin,  but  reflects  an  increased 
understanding  of  the  nature  of  matter. 

4-10  Electrons  are  gained  or  lost.  Ac¬ 
cording  to  this  hypothesis,  all  matter  is 
largely  made  of  tiny  particles  called  elec¬ 
trons,  protons,  and  neutrons.  Protons  and 
neutrons  are  nearly  2000  times  as  heavy  as 
electrons,  but  all  are  extremely  small.  An 
electron,  for  example,  has  a  rest  mass  of 
9.1  X  10 “31  kg.  Protons  have  a  positive 
charge;  electrons  have  a  negative  charge; 
neutrons  have  no  charge. 

Despite  their  difference  in  mass,  protons 
and  electrons  have  charges  of  equal  magni¬ 
tude.  Since  these  charges  are  of  opposite 
natures  as  well  as  of  equal  magnitude,  one 
electron  neutralizes  one  proton.  An  un¬ 
charged,  or  electrically  neutral,  object 
contains  protons  and  electrons  in  equal 
numbers. 

Electrons,  having  less  mass  than  protons, 
can  be  moved  more  readily.  An  object  ac¬ 
quires  a  charge  when  some  electrons  have 
moved  into  or  out  of  it.  Material  that  gains 
electrons  becomes  negatively  charged;  ma¬ 
terial  that  loses  electrons  becomes  positively 
charged.  (This  is  the  reverse  of  Franklin’s 
idea. )  Actually  only  a  small  fraction  of  the 
electrons  are  lost  from  the  object  that  be¬ 
comes  positively  charged. 

Hair  that  has  lost  electrons  when  you 
have  combed  it  vigorously  bears  a  positive 
charge,  while  the  comb  itself  has  gained 
electrons  and  is  therefore  negative.  Because 
unlike  charges  attract  each  other,  the  hair 
tends  to  stick  to  the  comb.  Each  individual 


hair,  however,  has  a  positive  charge.  There¬ 
fore,  they  all  repel  each  other,  as  anyone 
knows  who  has  brushed  dry  hair  on  a  dry 
day  (Fig.  4-7). 

4-11  Electric  charge  is  conserved. 

When  you  charge  a  body  by  rubbing  it,  the 
charge  is  not  something  newly  created.  It 
was  always  there.  When  you  comb  your 
hair,  the  hair  loses  electrons  and  the  comb 
gains  them.  No  new  electrons  are  created. 
They  are  merely  moved  from  one  material 
to  the  other. 

It  is  impossible  to  charge  one  object  neg¬ 
atively  without  at  the  same  time  charging 
another  positively  to  the  same  degree.  The 
two  objects  neutralize  each  other  when  they 
are  brought  together.  This  idea  is  expressed 
as  the  law  of  conservation  of  charge:  Elec¬ 
tric  charge  can  be  neither  created  nor  de¬ 
stroyed. 

This  statement  of  the  law  is  not  entirely 
satisfactory,  however.  Sometimes  a  neutron 

Figure  4-7  The  girl  in  this  picture  is  highly 
charged  with  electricity.  Because  all  of  the 
charge  is  of  the  same  kind,  the  hairs  on  her 
head  repel  each  other  and  are  repelled  by 
the  rest  of  her  body.  Therefore  they  stand  on 
end. 
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is  changed  into  two  particles,  an  electron 
and  a  proton.  Perhaps  the  positive  and  neg¬ 
ative  charges  were  there  all  the  time  and 
were  merely  neutralizing  each  other  in  the 
neutron.  On  the  other  hand,  perhaps  a  pair 
of  charges  is  “created”  from  the  neutron. 
The  important  thing  to  notice,  however,  is 
that  equal  amounts  of  positive  and  negative 
charge  appeared.  Therefore,  the  total 
charge  did  not  change.  The  neutron  at  the 
start  had  zero  charge.  The  proton  and  elec¬ 
tron  at  the  end  have  a  combined  charge  of 
zero.  If  they  rejoin  to  form  a  neutron,  again 
the  total  charge  is  unchanged. 

Another  fact  to  be  noted  is  that  when 
energy  is  converted  to  mass,  charged  parti¬ 
cles  may  be  produced,  but  they  are  always 
produced  in  pairs,  one  positive  and  one 
negative. 

A  more  accurate  statement  of  the  law  of 
conservation  of  charge  is  this:  It  is  impos¬ 
sible  to  produce  or  destroy  a  positive  charge 
without  at  the  same  time  producing  or  de¬ 
stroying  a  negative  charge  of  equal  magni¬ 
tude,  that  is,  the  total  electrical  charge  of 
the  universe  is  constant. 


4-12  Coulomb  measures  electrostatic 
force.  If  you  have  been  doing  some  of  the 
experiments  suggested  in  this  chapter,  you 
have  probably  noticed  that  electrostatic 
forces  are  affected  by  distance.  You  can 
observe  this  in  greater  detail  by  another 
experiment  with  charged  rubber  balloons. 
For  example,  charge  two  balloons  and  hang 
them  from  fine  threads  several  inches  apart, 
as  in  Fig.  4-8.  You  will  notice  that  the  bal¬ 
loons  force  the  strings  slightly  away  from 
the  vertical.  However,  as  the  balloons  are 
moved  closer  together,  they  force  the 
strings  farther  and  farther  from  the  vertical. 
This  clearly  indicates  that  the  repelling 
force  between  them  increases  as  the  dis¬ 
tance  between  them  decreases. 

Just  how  does  the  force  between  charged 
objects  change  when  the  distance  changes? 
You  might  make  measurements  on  the  bal¬ 
loons  in  Fig.  4—8  to  answer  this  question. 
A  more  accurate  method  was  invented  by 
Charles  Coulomb,  a  Frenchman  who  was 
interested  in  electricity.  The  apparatus  that 
he  used  in  1785  is  shown  in  Fig.  4-9.  His 
results  are  shown  on  the  top  of  p.  85. 


Figure  4—8  The  balloons  at  the  left  have  been 
charged  and  repel  each  other  slightly.  As 
they  are  brought  closer  together,  the  force  of 
repulsion  increases,  and  the  angle  a  in¬ 
creases.  The  force  of  repulsion  can  be  cal¬ 
culated  from  the  weight  of  the  balloons  and 
the  angle  a.  By  this  method  it  is  possible  to 
check  the  inverse  square  law. 


Figure  4-9  A  diagram  of  Coulomb’s  appara¬ 
tus.  AB  was  a  stiffly  waxed  thread  or  a 
straw.  At  end  A  was  a  small  pith  ball,  and 
at  end  B  was  a  piece  of  paper  just  heavy 
enough  to  balance  the  system.  C  is  another 
pith  ball,  fixed  in  place,  and  just  touching  A. 
When  he  put  charges  of  the  same  kind  on  A 
and  C,  A  swung  away  because  of  repulsion 
of  like  charges.  The  angle  of  the  swing  told 
Coulomb  how  big  the  force  was  between  the 


W hat  Coulomb  did. 

What  happened. 

What  angle 
did  balls  form? 

What  force 
held  them  apart 

Charged  A  and  C. 

They  swung  apart. 

36° 

0.0003  grains 

Twisted  the  wire  to  get 

A  and  C  closer. 

A  and  C  moved  closer. 

18° 

0.0012  grains 

Twisted  the  wire  again. 

A  and  C  moved  still  closer. 

8.5° 

0.0047  grains 

Coulomb  measured  his  forces  in  grains,  a 
tiny  unit  of  weight  equal  to  %000  lb.  He 
knew  that  the  force  that  held  the  balls  apart 
at  a  36°  angle  was  0.0003  grains  because  he 
had  previously  measured  how  much  force 
it  would  take  to  twist  the  silver  wire  that 
much.  In  order  to  get  the  balls  back  to  18° 
and  later  to  8.5°,  he  had  to  twist  the  wire 
even  more,  and  he  knew  from  previous 
measurements  how  much  force  this  took. 

When  the  balls  moved  in  from  36°  to  18°, 
their  distance  apart  was  approximately  one- 
half  as  great.  Notice  what  happened  to  the 
force.  It  became  four  times  as  great.  Next, 
he  moved  the  balls  in  to  8.5°,  approximately 
halving  the  distance.  Again,  the  force  be¬ 
came  almost  four  times  as  great.  From  such 
experiments  Coulomb  concluded  that  the 
inverse  square  law  works  with  electrical 
forces,  just  as  it  does  with  gravitational 
forces.  He  checked  the  law  for  the  case 
when  the  two  balls  had  unlike  charges  and 
were  attracting  each  other.  Again  the  in¬ 
verse  square  law  seemed  valid. 

He  reasoned  that  the  force  must  also  be 
due  to  the  size  of  the  charges.  His  conclu¬ 
sions,  known  as  Coulomb’s  law,  states:  The 
electrostatic  force  between  two  charged  ob¬ 
jects  is  directly  proportional  to  the  product 
of  the  charges  and  inversely  proportional  to 
the  square  of  the  distance  between  them. 
Expressed  mathematically: 

s 2 

where  F  is  the  force  between  the  charges 
Qt  and  Q2,  s  is  their  distance  apart,  and  k 
is  a  proportionality  constant  whose  value 
depends  on  the  units  used.  Coulomb  s  law 


holds  precisely  only  if  the  charges  have  a 
tiny  diameter  compared  with  the  distance 
between  them.  If  the  charge  is  spread  out, 
the  law  must  be  modified. 

The  unit  of  charge  used  in  the  mks  system 
is  called  the  coulomb  (Ch  One  coulomb  is 
equal  to  the  charge  of  6.24  X  1018  elec¬ 
trons.  If  this  unit  is  used  for  Q x  and  Q2, 

and  if  distance  is  measured  in  meters  and 
force  in  newtons,  then  the  value  of  k 

is  found  by  experiment  to  be  9.0  X  109 

N  •  m2/C2.  See  Example  2  below. 


EXAMPLE  2 


If  two  tiny  objects  having  charges  of  1 .0  C  could  be 
placed  1.0  m  apart,  what  would  be  the  force  be¬ 
tween  them? 

Given:  Qi  —  1.0  C  Q2  =  1-0  C 

d  =  1.0  m  k  =  9.0  X  109  N-m2/C2 


To  find:  F 
Solution:  F 


9.0  X  109  N-m2  x/  1.0  C  X  1-0  C 
^C2  X  1.0  m2 


=  9.0  X  109  N,  Answer 


Since  9.8  N  equal  1  kgf,  this  answer  is 
over  900,000,000  kgf,  or  slightly  more  than 
a  million  tons  of  force.  Obviously  the  cou¬ 
lomb  is  a  very  large  unit  of  charge,  so  large 
that  it  would  be  impracticable  to  bring  two 
like  charges  of  one  coulomb  this  close  to¬ 
gether. 


Figure  4-10  The  electrostatic  attraction  be¬ 
tween  the  charged  comb  and  the  pieces  of 
paper  is  greater  than  the  gravitational  at¬ 
traction  of  the  earth  for  the  paper. 

Although  Coulomb’s  law  is  very  similar 
to  the  gravitation  law,  the  forces  involved 
are  quite  different  in  size.  Look,  for  exam¬ 
ple,  at  the  photograph  in  Fig.  4-10.  The 
comb  has  been  charged  by  being  run 
through  its  owner’s  hair  a  few  times.  A  tug 
of  war  is  going  on,  however  peaceful  the 
picture  may  look.  The  tug  of  war  is  be¬ 
tween  the  gravitational  pull  of  the  earth 
and  the  electrostatic  pull  of  the  extra  elec¬ 
trons  on  the  comb.  Obviously  the  electrons 
are  winning  the  struggle.  Compared  with 
the  mass  of  the  earth,  the  mass  of  the  comb 
is  very  small;  the  mass  of  the  electrons  in 
the  charge  on  the  comb  is  even  smaller.  Yet 
this  small  mass  of  electrons  can  produce  an 
electrostatic  force  that  is  greater  than  the 
gravitational  pull  of  the  whole  earth  on  the 
pieces  of  paper.  The  electrostatic  forces  be¬ 
tween  charges  are  enormously  greater  than 
the  gravitational  forces  between  them. 


4-13  Objects  can  be  charged  by  in¬ 
duction.  Combed  hair  is  attracted  to  a 
comb  because  they  have  unlike  charges; 
two  similar  pieces  of  plastic  rubbed  with  the 
hand  repel  each  other  because  they  have 
like  charges.  But  how  can  a  charged  object, 
such  as  the  comb  of  Fig.  4—10,  attract  an  un¬ 
charged,  or  neutral,  object,  such  as  a  bit  of 
paper,  and  how  can  a  charged  balloon  cling 
to  an  uncharged  wall? 

To  understand  the  answers,  you  need  to 
know  more  about  the  modern  theory  of  the 
structure  of  matter.  Electrons,  protons,  and 
neutrons  are  parts  of  atoms,  the  tiny  build¬ 
ing  blocks  of  matter.  The  number  of  pro¬ 
tons  in  an  atom  is  the  same  as  the  number 
of  electrons,  making  the  atom  neutral.  As 
you  have  learned,  it  is  possible  by  rubbing 
to  remove  some  of  the  electrons  from  some 
kinds  of  atoms.  When  you  comb  your  hair, 
you  rub  electrons  off  the  atoms  of  your  hair, 
leaving  some  of  the  hair  atoms  with  a  posi¬ 
tive  charge.  The  rubbed-off  electrons  cling 
to  some  of  the  comb  atoms,  giving  them  a 
negative  charge. 

Now  you  are  ready  to  understand  what 
happens  when  a  charged  rod  picks  up 
neutral  bits  of  paper.  As  the  negatively 
charged  rod  approaches  the  paper,  it  repels 
the  electrons  in  each  paper  atom  to  the  far 
side  of  the  atom,  as  shown  in  Fig.  4—11. 
Notice  that  no  electrons  have  been  added 
or  removed.  The  overall  effect  of  this  ar¬ 
rangement  is  to  have  the  paper  as  a  whole 
electrically  neutral.  However,  the  surface 
layer  nearest  the  charged  rod  contains  the 
positive  sides  of  the  atoms,  while  the  far 
surface  contains  the  negative  sides  of  the 


Figure  4-11  Under  the  influence  of  the  charged  rod,  the  atoms  are 
oriented  as  shown  below.  The  net  effect  is  to  place  a  positive  charge 
on  the  right  end  of  the  paper  and  a  negative  charge  at  the  left  end. 
As  a  result,  the  force  of  attraction  is  greater  than  the  force  of 
repulsion. 


other  atoms.  The  positive  surface  is  nearer 
the  negatively  charged  rod  than  is  the  nega¬ 
tive  surface.  Hence  the  force  of  attraction 
is  greater  than  the  force  of  repulsion,  and 
the  piece  of  paper  is  attracted  toward  the 
charged  rod. 

The  bit  of  paper  is,  taken  as  a  whole, 
electrically  neutral,  but  its  charges  have 
been  redistributed.  Furthermore,  this  has 
occurred  without  there  being  any  contact 
between  the  rod  and  the  paper.  The  sur¬ 
face  of  the  paper  has  been  charged  by  in¬ 
duction  .  When  the  charged  rod  is  removed, 
the  induced  surface  charges  disappear. 
Sometimes  a  charged  rod  attracts  a  piece  of 
paper  in  this  way  and  the  paper  clings  to 
the  rod.  Suddenly  the  paper  shoots  off  from 
the  rod.  This  happens  because  the  paper, 
once  it  touches  the  rod,  may  acquire  a  neg¬ 
ative  charge  by  conduction  and  is  repelled 
by  the  negative  rod. 

4-14  Electrons  move  more  freely  in 
some  substances  than  in  others.  The  rod 

in  Fig.  4-12  has  been  rubbed  with  fur  at 
one  end  only.  This  end  attracts  bits  of 
paper,  but  the  other  end  does  not.  You 
know  that  the  rubbed  end  has  extra  elec¬ 
trons,  and  you  also  know  that  electrons  repel 
each  other.  If  the  electrons  were  free  to 
move,  then  the  repulsion  should  push  them 
apart  as  far  as  possible,  and  there  should  be 
a  negative  charge  all  over  the  rod.  Appar¬ 
ently  the  atoms  of  the  rod  are  of  a  kind  that 
do  not  allow  this  free  movement.  A  sub¬ 
stance  in  which  electrons  flow  with  diffi¬ 
culty  because  the  electrons  of  the  substance 
are  tightly  bound  to  the  atoms  is  called  an 
insulator.  Rubber,  paper,  sulfur,  plastic, 
wood,  glass,  and  porcelain  are  all  good  in¬ 
sulators. 

In  metals,  on  the  other  hand,  although 
the  atoms  hold  most  of  their  electrons 
tightly,  each  atom  has  one  or  more  electrons 
that  are  not  tightly  held.  These  are  called 
free  electrons.  A  substance  in  which  elec¬ 
trons  flow  with  ease  because  there  are  many 


Figure  4-12  A  rod  charged  by  rubbing  at  one 
end  will  attract  paper  only  at  that  end. 


free  electrons  is  called  a  conductor.  If  you 
charge  one  end  of  a  metal  rod  with  extra 
electrons,  some  of  them  will  move  toward 
the  other  end,  repelling  free  electrons  ahead 
of  them,  and  soon  the  whole  rod  is  charged. 

4-15  The  electroscope  detects  electric 
charges.  One  device  for  showing  that  a 
metal  is  a  good  conductor  of  electrons  is  an 
electroscope  (Fig.  4-13).  Developed  in 
1787,  it  is  the  oldest  of  the  electrical  meas¬ 
uring  instruments.  If  you  touch  the  metal 
knob  at  the  upper  end  with  a  charged  rub¬ 
ber  rod,  electrons  are  transferred  to  the 
knob.  Almost  immediately  the  gold  leaves 
at  the  lower  end  of  the  metal  rod  spread 

Figure  4-13  Electroscopes,  such  as  this  one, 

are  used  to  detect  electric  charges. 

From  p.  447,  PSSC  PHYSICS,  D.  C.  Heath  and  Company. 
Copyright  ©  1960  by  Educational  Services,  Inc.  and  re¬ 
produced  with  their  permission. 
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apart,  showing  that  electrons  have  traveled 
down  the  rod.  The  repulsion  of  the  elec¬ 
trons  on  one  gold  leaf  for  the  electrons  on 
the  other  leaf  causes  the  spreading  (Fig. 
4—14).  An  electroscope  can  also  be  charged 
by  induction,  as  shown  in  Fig.  4—15. 

Once  an  electroscope  has  been  charged  in 
such  a  way  that  you  know  whether  it  has  a 
positive  or  negative  charge,  you  can  then 
use  it  to  test  the  polarity  ( negative  or  posi¬ 
tive)  of  unknown  charges,  as  shown  in  Fig. 
4—16.  The  relative  strengths  of  various 
charges  can  also  be  shown  by  the  degree  of 
deflection  of  the  leaves  when  the  charges 
are  held  at  a  fixed  distance. 


Figure  4-14  This  electroscope  has  been 
touched  by  a  negatively  charged  object.  Elec¬ 
trons  have  been  transferred  to  the  electro¬ 
scope  by  conduction,  and  the  entire  instru¬ 
ment  bears  a  negative  charge  because  the 
mutual  repulsion  of  the  electrons  has  caused 
them  to  spread  out  in  the  metal. 


Figure  4-15  a.  A  neutral  electroscope  has  equal  numbers  of  positive  and  negative 
charges,  b.  When  a  negative  rod  is  brought  near,  it  drives  electrons  into  the  leaves, 
which  become  negative  and  deflect.  The  knob  is  positive,  c.  If  you  touch  the  knob,  some 
electrons  are  repelled  out  through  your  hand.  The  top  is  less  positive  than  before,  and  the 
leaves  almost  collapse,  d.  If  you  remove  your  hand  and  then  the  rod,  the  electroscope  has  a 
deficiency  of  electrons  and  is  positively  charged.  The  leaves  fall  as  the  electrons  are  redis¬ 
tributed,  and  then  they  rise  again. 


Figure  4-16  a.  This  electroscope  has  been  charged  positively.  No  other  charged  object 
is  nearby,  b.  A  nearby  negative  object  drives  some  electrons  away  from  the  upper  end 
of  the  electroscope  and  down  into  the  leaves.  Since  the  leaves  are  less  strongly  charged, 
they  do  not  repel  each  other  so  much.  c.  The  nearby  positive  object  attracts  some  electrons 
up  from  the  leaves,  leaving  them  more  positive  than  before.  Since  they  now  have  a  stronger 
charge,  they  repel  each  other  with  greater  force. 


MATTER  AND  ENERGY 


89 


Self  Check 


1 .  If  a  rubber  rod  is  rubbed  with  wool  or  fur, 
the  rod  becomes  negatively  charged. 
What  is  the  source  of  the  charge? 

2.  If  a  glass  rod  is  rubbed  with  silk,  the  rod 
becomes  positively  charged.  How  did  the 
charge  get  there? 

3.  If  you  hung  up  a  charged  rubber  rod  so 
that  it  is  free  to  swing,  and  brought  a 
similarly  charged  rubber  rod  near  it,  what 
would  you  expect  to  happen? 

4.  If  you  hung  up  a  charged  rubber  rod  so 
that  it  is  free  to  swing,  and  brought  a 
charged  glass  rod  near  it,  what  would  you 
expect  to  happen? 

5.  What  is  the  law  of  electrostatic  forces  as 
illustrated  by  Questions  3  and  4? 

6.  Compare  the  electron,  proton,  and  neutron 
with  respect  to  charge  and  mass. 

7.  Who  gave  the  present  names  to  the  two 
kinds  of  electric  charge? 

8.  A  negative  charge  of  0.001  C  is  built  up 
on  an  electrostatic  generator  by  friction. 
What  happens  while  this  charge  is  build¬ 
ing? 

9.  State  Coulomb’s  law  in  words  and  as  an 
equation. 

10.  What  is  the  name  of  the  unit  of  electric 
charge  in  the  mks  system? 

1 1 .  Compare  electrostatic  forces  with  gravita¬ 
tional  forces. 

12.  Why  is  a  normal  atom  neutral? 

13.  A  negatively  charged  insulated  rod  is 
brought  near  a  piece  of  thread  that  has  no 
charge.  What  happens  and  why? 

14.  Compare  the  distribution  of  charge  on  two 
rods,  one  brass  and  one  plastic,  if  each  has 
been  charged  by  conduction  at  one  end 
and  each  is  supported  by  a  good  insulator. 

1 5.  Why  are  metals  better  conductors  of  elec¬ 
tricity  than  glass? 

16.  If  a  negatively  charged  rod  is  brought 
near  the  knob  of  a  positively  charged  elec¬ 
troscope,  what  happens  to  the  electroscope 
leaves?  Why? 


Problems 


1.  Write  the  mass  of  an  electron  as  a 
decimal  (see  p.  83). 


o 


2.  A  small,  negatively  charged  pith  ball 
lying  on  a  table  is  pulled  up  from  the  table 
by  the  force  of  attraction  between  it  and  an¬ 
other  positively  charged  pith  ball  held  2  cm 
above  it.  If  the  ball  weighs  0.1  g,  what  is  the 
smallest  possible  charge  on  each  of  the  two 
balls  if  both  balls  have  the  same  charge? 


Discussion  Questions 


1.  At  the  time  of  Benjamin  Franklin  and  for 
some  time  thereafter,  there  was  considerable 
discussion  about  two  rival  electrical  theories. 
One,  held  by  Franklin,  was  that  electricity 
was  a  single  fluid;  the  other  was  that  it 
was  two  fluids.  Show  that,  in  a  way,  both 
of  these  are  partly  right. 

2.  In  what  way  is  the  law  of  conservation  of 
charge  more  like  the  law  of  conservation  of 
momentum  than  like  the  law  of  conserva¬ 
tion  of  mass-energy? 

3.  If  you  touch  the  knob  of  a  charged  electro¬ 
scope,  the  leaves  fall.  What  does  this  tell 
you  about  the  human  body  as  a  conductor? 

4.  Explain  what  happens  if  a  positively 
charged  rod  touches  the  knob  of  a  neutral 
electroscope. 

5.  A  negatively  charged  rod  is  brought  near  a 
metal  ball  on  an  insulated  stand.  What  kind 
of  charge  would  you  expect  to  find  on  the 
side  of  the  ball  near  the  rod?  On  the  side 
away  from  the  rod?  Why? 

6.  What  would  happen  to  the  charges  in  Ques¬ 
tion  5  if  the  rod  were  removed?  What 
would  happen  if  you  touched  the  far  side 
of  the  ball  before  the  rod  was  removed  and 
then  took  your  finger  away?  What  would 
then  happen  when  you  took  the  rod  away 
from  the  metal  ball? 
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Th.e  Nature  of  Atoms 


4-16  Rutherford  discovers  the  nucleus. 

For  many  years  scientists  thought  that 
atoms  could  not  be  broken  down  into  any¬ 
thing  smaller.  Then,  in  1897,  J.  J.  Thomson, 
an  English  physicist,  discovered  the  exist¬ 
ence  of  electrons. 

Electrons  were  found  to  be  extremely 
tiny  and  to  have  a  negative  charge.  But 
matter  as  a  whole  is  neutral.  Thomson 
therefore  realized  that  if  the  electrons  were 
part  of  an  atom,  there  must  be  a  positive 
charge  in  each  atom,  just  enough  to  balance 
the  electrons.  No  one  knew  much  about 
this  positive  charge.  Was  it  uniformly  dis¬ 
tributed  in  the  atom,  with  electrons  mixed 
throughout  it?  Thomson  thought  that  this 
might  be  the  case. 

An  exciting  piece  of  detective  work  fol¬ 
lowed.  Atoms,  electrons,  and  protons  are 
too  small  to  be  seen.  But  when  a  charged 


particle  hits  a  screen  coated  with  a  chem¬ 
ical,  zinc  sulfide,  it  makes  a  tiny  flash  of 
light  on  the  screen,  telling  just  where  it  hit. 

Scientists  at  the  University  of  Manchester 
in  England  used  these  tiny  flashes  of  light 
to  investigate  the  interior  of  atoms.  They 
planned  to  shoot  charged  particles  through 
gold  atoms  to  see  whether  the  particles 
went  straight  through  or  had  their  paths 
bent.  The  charged  particles  came  from 
radium  and  were  known  as  alpha  particles 
or  a  particles.  To  be  sure  the  particles  were 
all  traveling  in  one  direction  when  they  hit 
the  atoms  being  investigated,  the  scientists 
put  the  radium  in  a  hole  bored  in  a  piece 
of  lead,  and  then  provided  another  piece  of 
lead  as  a  window  frame  to  narrow  the  beam 
(Fig.  4—17).  After  this  the  alpha  particles 
passed  through  a  thin  sheet  of  gold.  Being 
positive,  the  alpha  particles  would  be  at- 


Figure  4-17  Design  of  Rutherford’s  apparatus.  Alpha  particles  shooting  out  from  the 
radium  can  escape  only  horizontally.  They  pass  through  the  sheet  of  gold  and  then  hit 
the  zinc  sulfide  screen,  which  glows  each  time  it  is  struck.  It  is  observed  through  the 
telescope,  and  the  angle  through  which  the  particle  has  been  deflected  can  be  measured. 
Deflections  which  produce  angles  such  as  AOC  and  AOD  can  occur  only  if  each  atom  has 
a  nucleus. 
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tracted  by  the  electrons  and  repelled  by  the 
positive  charges  in  the  atoms  of  gold. 

Now  if  the  positive  and  negative  charges 
were  well  mixed  together  in  the  gold  atoms, 
then  the  speeding  alpha  particles  would  be 
repelled  and  attracted  nearly  equally  on  all 
sides  and  either  go  straight  through  the 
gold  or  be  only  slightly  scattered  from  the 
straight  path.  The  result  is  shown  in  Fig. 
4-17.  Most  of  the  scattering  was  slight,  but 
there  were  a  few  large  angles  (angle  AOC, 
for  example),  and  sometimes  the  alpha 
particle  even  went  backwards  after  striking 
the  gold  (angle  AOD ). 

To  explain  how  this  could  happen,  Ern¬ 
est  Rutherford  suggested  that  the  positive 
charge  might  all  be  concentrated  in  a  very 
small  region,  the  nucleus,  with  the  elec¬ 
trons  at  some  distance.  Then,  if  an  alpha 
particle  happened  to  get  close  to  a  nucleus, 
the  great  repulsion  between  the  two  posi¬ 
tively  charged  objects  —  the  nucleus  and 
the  alpha  particle  —  would  radically  change 
the  path  of  the  alpha  particle,  giving  it  a 
large  scattering  angle.  Of  course,  an  alpha 
particle  that  passed  halfway  between  two 
nuclei  would  not  be  deflected,  but  would 
go  straight  through. 

In  1911  Rutherford  determined  mathe¬ 
matically  (using  Coulomb’s  law)  the  per 
cent  of  the  alpha  particles  that  should  be 
scattered  at  various  angles  if  his  idea  about 
the  nucleus  were  correct.  When  the  experi¬ 
ment  was  repeated,  it  was  found  that  the 
scattering  agreed  with  his  prediction. 
Rutherford,  therefore,  concluded  that  an 
atom  has  a  positively  charged  nucleus.  Two 
years  later,  Niels  Bohr,  a  student  of  Ruther¬ 
ford,  showed  that  the  electrons  probably 
revolve  about  the  nucleus. 

The  radius  of  the  nucleus  has  been  found 
to  be  only  about  one  hundred-thousandth 
of  the  radius  of  the  atom  as  a  whole.  Since 
the  nucleus  has  most  of  the  mass  of  the 
atom,  it  is  very  dense.  It  is  so  dense  that 
1  in3  of  the  nuclear  material  would  have  a 
mass  of  four  trillion  tons! 


Figure  4—18  Model  of  a  simple  hydrogen 
atom.  Its  nucleus  consists  of  1  proton  and 
1  electron  revolving  around  it.  The  radius  of 
the  orbit  is  1 00,000  times  the  radius  of  the 
nucleus.  Most  of  the  mass  is  in  the  nucleus. 
The  drawing  is  not  to  scale. 

4-17  Electrons  determine  the  chemical 
nature  of  elements.  Whenever  all  the 
atoms  in  a  substance  are  alike  in  the  num¬ 
ber  of  protons  and  electrons  they  have,  the 
substance  is  an  element.  Oxygen,  for  ex¬ 
ample,  is  an  element.  Each  of  its  atoms  has 
8  protons  and  8  electrons.  All  the  millions 
of  different  substances  found  on  the  earth 
are  made  of  elements  or  combinations 
(compounds)  of  elements.  About  ninety 
elements  have  been  found  to  occur  natur¬ 
ally  on  the  earth. 

The  lightest  element  is  hydrogen.  Its 
atom  has  only  one  electron.  To  balance  the 
negative  charge  of  this  electron  it  has  a  nu¬ 
cleus  with  one  positive  charge  (Fig. 4-18). 
A  proton  and  a  hydrogen  nucleus  are,  there¬ 
fore,  the  same  thing. 

The  next  heavier  element  is  helium,  the 
gas  used  in  dirigibles  and  blimps.  It  has 
two  electrons  circling  the  nucleus.  How¬ 
ever,  an  atom  of  helium  is  approximately 
four  times  as  heavy  as  a  hydrogen  atom. 
The  hypothesis  first  proposed  to  account 
for  the  extra  mass  was  that  there  were  not 
two  but  four  protons  in  the  nucleus,  with 
two  of  these  protons  neutralized  by  two 
electrons.  Then  in  1932  the  neutron  was 
discovered  by  J.  Chadwick.  According  to 
present-day  atomic  theory,  the  helium  nu¬ 
cleus  contains  2  protons  and  2  neutrons. 
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CHAPTER  FOUR 


This  is  a  good  example  of  the  way  in  which 
a  theory  grows  and  changes. 

The  chemical  nature  of  an  element  is  de¬ 
termined  by  the  number  and  arrangement 
of  the  electrons  circling  around  the  nucleus 
of  a  neutral  atom.  By  chemical  nature  is 
meant  the  way  in  which  it  will  combine 
with  other  elements  to  make  compounds. 
Helium,  for  example,  is  chemically  inert.  It 
forms  no  compounds  at  all.  Hydrogen,  on 
the  other  hand,  is  a  very  active  element.  It 
combines  with  many  elements  to  make 
thousands  of  different  compounds.  It  com¬ 
bines  with  oxygen  so  rapidly  that  it  can 
cause  explosions.  This  is  why  helium  is  pre¬ 
ferred  for  lighter-than-air  craft,  although  it 
is  heavier  than  hydrogen. 

4-18  Isotopes  are  nuclides  with  the 
same  atomic  number  but  different  masses. 

While  almost  all  hydrogen  atoms  have  one 
proton  and  one  electron,  a  few  will  have 
one  or  two  neutrons  in  addition  ( Fig.  5-19). 


The  three  varieties  of  hydrogen  all  are 
chemically  the  same,  because  this  factor  is 
controlled  by  the  single  electron,  but  they 
do  not  have  the  same  mass.  Such  forms  of 
an  element  are  called  isotopes. 

Every  element  has  several  isotopes,  with 
the  result  that  although  there  are  only 
slightly  more  than  a  hundred  different  ele¬ 
ments  known,  there  are  more  than  1300  dif¬ 
ferent  varieties  of  atoms.  Each  of  these  va¬ 
rieties  is  called  a  nuclide.  The  scientific 
shorthand  for  each  of  the  nuclides  is  shown 
under  the  drawings  of  Fig.  4-19.  Take  the 
symbol  for  tritium  to  see  what  each  part 
means: 

(mass  number,  A) 

(symbol  for  hydrogen) 

(atomic  number,  Z) 


The  atomic  number,  Z,  is  the  number  of 
protons  in  the  nucleus  and  the  number  of 


Figure  4-19 


ordinary  hydrogen  fiH1)  heavy  hydrogen  or  triple  weight  hydrogen 

deuterium  ( jH2)  or  tritium  (jH3) 


Hydrogen  has  three  isotopes.  These  three  atoms  are  chemically  alike  because  they  all  have  1  planetary  electron 
and  1  proton,  but  they  have  different  weights  because  of  the  different  numbers  of  neutrons.  99.985%  of  all  naturally 
occurring  hydrogen  atoms  are  of  the  first  type.  Nearly  all  of  the  rest  is  deuterium. 


Helium  has  4  isotopes.  Natural  helium  is  almost  1  00%  2He4,  although  it  contains  a  trace  of  2He3.  2^®''  an<^  2^e'3 
are  produced  as  a  result  of  nuclear  experiments  and  have  not  been  found  in  nature. 
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planetary  electrons  in  a  neutral  atom.  The 
mass  number,  A,  is  the  total  number  of  par¬ 
ticles  in  the  nucleus  ( protons  plus  neu¬ 
trons).  It  is  called  the  mass  number  be¬ 
cause  protons  and  neutrons  weigh  nearly 
the  same  and  their  sum  accounts  for  most  of 
the  mass  of  an  atom.  Isotopes,  then,  can  be 
defined  as  nuclides  having  the  same  atomic 
number  but  different  mass  numbers.  Since 
hydrogen  always  has  atomic  number  1, 
tritium  may  also  be  written  as  H3  with  the 
1  omitted. 

Helium  has  four  isotopes  and  you  will 
notice  that  2He3  has  the  same  mass  number 
as  tritium.  Therefore,  these  two  nuclides 
have  almost  the  same  mass.  Their  chemical 
behavior,  however,  is  quite  different. 

Protons  and  neutrons  are  called  nucleons 
because  they  are  the  particles  found  in  the 
nucleus. 

4-19  Atomic  weights  are  based  on  car¬ 
bon.  All  known  elements,  both  natural 
and  artificial,  are  listed  in  Table  4—1. 
Since  scientists  may  discover  new  elements 
of  higher  atomic  number,  you  should  be 
alert  for  news  that  might  add  to  the  list. 
Each  element  in  the  list  has  one  more  pro¬ 
ton  and  one  more  electron  than  the  one  be¬ 
fore.  The  number  and  arrangement  of  elec¬ 
trons  account  for  the  chemical  behavior  of 
the  elements. 

The  term  “chemical  atomic  weight  in 
the  fourth  column  of  Table  4-1  is  mislead¬ 
ing.  Instead  of  weights,  these  are  really 
masses,  not  in  grams  or  kilograms,  but  in 
atomic  mass  units  (u).  One  atomic  mass 
unit  is  %  2  of  the  mass  of  one  atom  of  C12. 
Notice  that  the  chemical  atomic  weight  of 
carbon  is  12.011.  This  is  because  carbon 
in  nature  is  99%  C12  and  1%  C13.  There¬ 
fore  when  a  chemist  uses  a  naturally  occur¬ 
ring  sample  of  carbon  for  measuring  the 
atomic  weight,  he  finds  that  the  average 
weight  per  atom  is  a  bit  more  than  12. 
Chemical  atomic  weights  are  always  de¬ 


termined  for  a  naturally  occurring  sample, 
which  is  usually  a  mixture  of  isotopes.0 

The  atomic  weight  of  any  atom  is  ap¬ 
proximately  equal  to  the  mass  number  of 
the  most  common  isotope.  Oxygen,  for  ex¬ 
ample,  has  an  atomic  weight  of  15.999,  in¬ 
dicating  that  the  most  common  isotope  is 
probably  O16.  Since  oxygen  has  atomic 
number  8,  it  has  8  protons  in  the  nucleus, 
and  O16  must  also  have  8  neutrons  to  make 
the  mass  number  equal  to  16.  Similarly,  the 
most  common  isotope  of  aluminum  ( atomic 
number  13,  atomic  weight  26.98)  has  27 
nucleons,  13  of  which  are  protons.  There¬ 
fore  it  has  27  —  13,  or  14  neutrons.  See  Fig. 
4—20  on  p.  95. 

The  atomic  mass  unit  is  also  used  to 
measure  the  nuclidic  mass,  the  mass  of  a 
single  nuclide.  In  metric  units,  1  u  =  1.6603 
X  10- 27  kg. 

Long  before  electrons  and  protons  and 
neutrons  were  discovered,  chemists  were 
able  to  measure  atomic  weights.  When  they 
noticed  that  for  most  of  the  elements  the 
weights  are  very  close  to  being  whole  num¬ 
bers,  they  thought  they  might  show  that 
all  larger  atoms  were  made  of  collections  of 
hydrogen  atoms.  When  they  came  to  chlo¬ 
rine,  however,  they  gave  up.  The  chemical 
atomic  weight  of  chlorine  is  35.453,  just 
about  halfway  between  two  whole  num¬ 
bers.  This  does  not  look  like  a  multiple  of 
hydrogen.  Now  it  appears  that  the  old  hy¬ 
pothesis  was  not  so  far  off  after  all,  for  chlo¬ 
rine  is  a  mixture  of  two  isotopes,  Cl35  ( 75.5 
percent)  and  Cl37  (24.5  percent).  Each 
atom  of  these  isotopes  is  composed  of  17 
protons  ( or  hydrogen  nuclei ) ,  17  electrons, 
and  either  18  or  20  neutrons. 

°  Before  1962  physicists  used  Me  of  the  mass  of 
one  atom  of  O16  as  their  atomic  mass  unit,  while 
chemists  used  of  the  average  mass  per  atom  of 
a  sample  of  naturally-occurring  oxygen.  Since  oxy¬ 
gen  in  nature  is  a  mixture  of  isotopes,  the  two 
units  had  a  different  size.  The  C12  unit  has  now 
been  accepted  by  both  groups  of  scientists,  and  is 
therefore  called  the  unified  atomic  mass  unit. 
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ber 
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Sym¬ 
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( based  on 
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bol 

(Z) 

carbon  1  2) 

Element 

bol 

(Z) 

carbon  1  2) 

Hydrogen 

H 

1 

1.008 

Rubidium 

Rb 

37 

85.47 

Helium 

He 

2 

4.003 

Strontium 

Sr 

38 

87.62 

Lithium 

Li 

3 

6.939 

Yttrium 

Y 

39 

88.905 

Beryllium 

Be 

4 

9.012 

Zirconium 

Zr 

40 

91.22 

Boron 

B 

5 

10.81 1 

Niobium 

Nb 

41 

92.906 

Carbon 

C 

6 

12.01  1 

Molybdenum 

Mo 

42 

95.94 

Nitrogen 

N 

7 

14.007 

Technetium 

Tc 

43 

[99] 

Oxygen 

O 

8 

15.999 

Ruthenium 

Ru 

44 

101.07 

Fluorine 

F 

9 

18.998 

Rhodium 

Rh 

45 

102.905 

Neon 

Ne 

10 

20.183 

Palladium 

Pd 

46 

106.4 

Sodium 

Na 

1 1 

22.990 

Silver 

Ag 

47 

107.870 

Magnesium 

Mg 

12 

24.312 

Cadmium 

Cd 

48 

1  12.40 

Aluminum 

Al 

13 

26.982 

Indium 

In 

49 

1 14.82 

Silicon 

Si 

14 

28.086 

Tin 

Sn 

50 

118.69 

Phosphorus 

P 

15 

30.974 

Antimony 

Sb 

51 

1  2 1 .75 

Sulfur 

S 

16 

32.064 

Tellurium 

Te 

52 

127.60 

Chlorine 

Cl 

17 

35.453 

Iodine 

1 

53 

126.904 

Argon 

A 

18 

39.948 

Xenon 

Xe 

54 

131.30 

Potassium 

K 

19 

39.102 

Cesium 

Cs 

55 

132.905 

Calcium 

Ca 

20 

40.08 

Barium 

Ba 

56 

137.34 

Scandium 

Sc 

21 

44.956 

Lanthanum 

La 

57 

138.91 

Titanium 

Ti 

22 

47.90 

Cerium 

Ce 

58 

140.12 

Vanadium 

V 

23 

50.942 

Praseodymium 

Pr 

59 

140.907 

Chromium 

Cr 

24 

51.996 

Neodymium 

Nd 

60 

144.24 

Manganese 

Mn 

25 

54.938 

Prometheum 

Pm 

61 

[147] 

Iron 

Fe 

26 

55.847 

Samarium 

Sm 

62 

150.35 

Cobalt 

Co 

27 

58.933 

Europium 

Eu 

63 

151.96 

Nickel 

Ni 

28 

58.71 

Gadolinium 

Gd 

64 

157.25 

Copper 

Cu 

29 

63.54 

Terbium 

Tb 

65 

158.924 

Zinc 

Zn 

30 

65.37 

Dysprosium 

Dy 

66 

162.50 

Gallium 

Ga 

31 

69.72 

Holmium 

Ho 

67 

164.930 

Germanium 

Ge 

32 

72.59 

Erbium 

Er 

68 

167.26 

Arsenic 

As 

33 

74.922 

Thulium 

Tm 

69 

168.934 

Selenium 

Se 

34 

78.96 

Ytterbium 

Yb 

70 

173.04 

Bromine 

Br 

35 

79.909 

Lutetium 

Lu 

71 

1 74.97 

Krypton 

Kr 

36 

83.80 

Hafnium 

Hf 

72 

178.49 
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Chemical 

Chemical 

Atomic 

Atomic 

Atomic 

Atomic 

Num- 

Weight 

Num- 

Weight 

Sym- 

ber 

( based  on 

Sym- 

ber 

(based  on 

Element 

bo  1 

(Z) 

carbon  1  2) 

Element 

bol 

(Z) 

carbon  1  2) 

Tantalum 

Ta 

73 

180.948 

Actinium 

Ac 

89 

[227] 

Tungsten 

W 

74 

183.85 

Thorium 

Th 

90 

232.038 

Rhenium 

Re 

75 

186.2 

Protactinium 

Pa 

91 

[231] 

Osmium 

Os 

76 

190.2 

Uranium 

U 

92 

238.03 

Iridium 

Ir 

77 

192.2 

Neptunium 

Np 

93 

[237] 

Platinum 

Pt 

78 

195.09 

Plutonium 

Pu 

94 

[242] 

Gold 

Au 

79 

196.967 

Americium 

Am 

95 

[243] 

Mercury 

Hg 

80 

200.59 

Curium 

Cm 

96 

[247] 

Thallium 

Tl 

81 

204.37 

Berkelium 

Bk 

97 

[249] 

Lead 

Pb 

82 

207.19 

Californium 

Cf 

98 

[251] 

Bismuth 

Bi 

83 

208.980 

Einsteinium 

Es 

99 

[254] 

Polonium 

Po 

84 

[210] 

Fermium 

Fm 

100 

[253] 

Astatine 

At 

85 

[210] 

Mendelevium 

Mv 

101 

[256] 

Radon 

Rn 

86 

[222] 

Nobelium 

No 

102 

[254] 

Francium 

Fr 

87 

[223] 

Lawrencium 

Lw 

103 

[257] 

Radium 

Ra 

88 

[226] 

The 

numbers  in 

brackets 

are  the  mass 

numbers  of  the 

most  stable  isotopes. 

Figure  4-20  How  to  determine  the  structure  of  an  atom. 


1 .  Name  of  the  element: 

2.  Find  atomic  weight  of  its  most  common  isotope  from 
Table  4-1. 

3.  Write  mass  number  (A).  This  is  usually  the  whole 
number  closest  to  the  atomic  weight.  This  is  the 
number  of  particles  in  the  nucleus. 

4.  Write  the  atomic  number  (Z) .  This  is  the  number  of 
protons  in  the  nucleus  and  the  number  of  planetary 
electrons. 

5.  Subtract,  A  —  Z.  This  gives  the  number  of  neutrons. 

6.  Draw  a  simplified  diagram: 


Electron  orbits  are  complex.  Because  of  the 
complications  involved  in  trying  to  picture  electrons 
in  their  orbits,  in  these  diagrams  they  are  merely 
grouped  together  to  show  that  they  balance  the 
positive  charge  of  the  nucleus. 
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Oxygen 

15.999 

16 

8 

8 


Aluminum 

26.982 

27 

13 

14 
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CHAPTER  FOUR 


4-20  Loss  or  gain  of  electrons  pro¬ 
duces  ions.  The  aluminum  atom  shown  in 
Fig.  4—20  is  a  neutral  atom.  It  has  13  elec¬ 
trons  to  balance  the  positive  charge  of  the 
13  protons  in  the  nucleus.  Electrons,  being 
on  the  outside  of  the  atom,  can  sometimes 
be  removed.  If  you  could  take  away  one  or 
two  electrons  from  the  outside  of  an  atom, 
the  atom  would  have  a  net  positive  charge 
of  one  or  two  units.  An  atom  that  has  a 
charge  because  it  has  lost  or  gained  elec¬ 
trons  is  an  ion.  If  the  atom  has  lost  elec¬ 
trons,  it  is  a  positive  ion.  Sometimes  a  neu¬ 
tral  atom  picks  up  an  extra  electron  or 
electrons.  In  this  case  the  atom  becomes  a 
negative  ion.  An  electron  which  is  un¬ 
attached  can  also  be  called  an  ion.  When 
you  rub  a  plastic  comb  through  your  hair, 
you  ionize  both  the  comb  and  your  hair. 
Atoms  in  the  comb  gain  electrons  and  be¬ 
come  negative  ions.  Atoms  in  your  hair 
lose  electrons  and  become  positive  ions. 

Gases  are  easily  ionized  by  fast-moving 
charged  particles,  which  knock  electrons  out 
of  the  gas  atoms  as  they  strike  them.  Water 
vapor  tends  to  condense  on  ions,  forming 
droplets.  This  is  why  you  can  see  the  path 
of  the  electrons  in  the  cloud  chamber  photo¬ 
graph  of  Fig.  4-3.  As  the  electrons  move 
rapidly  through  the  supersaturated  air,  they 
ionize  the  gas,  and  droplets  are  formed  on 
the  ions.  The  electrons  themselves  are  in¬ 
visible,  but  it  is  possible  to  see  where  they 
have  been  and  to  measure  their  speeds.  A 
similar  kind  of  track  is  formed  in  a  bubble 
chamber.  Figure  4—21  on  p.  97  shows 
several  cloud  and  bubble  chamber  photo¬ 
graphs. 


Self  Check 


1 .  Describe  the  structure  of  an  atom. 

2.  Describe  the  structure  of  an  ordinary 

hydrogen  nucleus. 


3.  Describe  the  structure  of  an  ordinary 
helium  nucleus. 

4.  What  determines  the  chemical  behavior 
of  an  element? 

The  symbol  for  oxygen  is  O,  for  nitrogen  N, 

for  carbon  C.  Questions  5—11  refer  to  the  fol¬ 
lowing  nuclides:  8Oie;  7N16;  6C15;  7N15;  8015; 

017 

5.  Three  of  the  nuclides  are  isotopes  of  each 
other.  Which  are  they? 

6.  Which  have  the  most  neutrons,  and  how 
many  do  they  have? 

7.  Which  have  the  same  number  of  protons 
as  electrons? 

8.  Which  have  the  same  number  of  protons 
as  neutrons? 

9.  Which  have  the  most  electrons,  and  how 
many  do  they  have? 

1 0.  Which  have  the  largest  mass  number,  and 
what  is  the  number? 

1 1 .  Which  have  the  smallest  atomic  number, 
and  what  is  the  number? 

12.  The  chemical  atomic  weight  of  lithium  is 
6.939.  What  does  this  tell  you  about 
lithium? 

13.  What  is  the  standard  for  comparison  of 
chemical  atomic  weights  and  nuclidic 
masses? 

14.  What  is  an  ion? 

1 5.  Why  is  the  path  of  an  electron  in  a  cloud 
chamber  visible  when  the  electron  itself  is 
invisible? 


Discussion  Questions 


1 .  The  following  nuclei  have  been  discovered 
for  helium:  He1 2 3,  He4,  He5,  He6.  How  many 
isotopes  of  helium  are  known? 

2.  Argon  (A)  has  atomic  number  18  and 
chemical  weight  39.9.  Potassium  (K)  has 
atomic  number  19  and  chemical  atomic 
weight  39.1.  How  can  the  element  with  the 
higher  atomic  number  have  the  lower  atomic 
weight? 


Courtesy  of  P.  M.  S.  Blackett,  published  by  permission  of  the 
Council  of  the  Royal  Society. 

a.  Tracks  made  by  alpha  particles  in  a  cloud  chamber. 
The  paths  are  straighter  and  wider  than  the  electron 
paths  of  Fig.  4—3.  showing  that  alpha  particles 
create  more  ions  and  are  less  readily  deflected  by 
collisions  than  electrons.  The  forked  track  was 
caused  by  the  collision  of  an  alpha  particle  with  a 
helium  nucleus.  The  two  particles  rebounded,  obey¬ 
ing  the  laws  of  conservation  of  momentum  and 
energy.  From  such  tracks  scientists  draw  conclusions 
about  the  masses  and  velocities  of  particles. 


Courtesy  of  H.  R.  Crane,  The  University  of  Michigan. 


b.  Compare  these  electron  tracks  with  Fig.  4—3,  The 
fact  that  these  are  not  being  deflected  first  one  way 
and  then  another  as  they  collide  with  air  molecules 
shows  that  they  are  going  much  faster.  The  tracks 
curve  because  the  cloud  chamber  has  been  placed 
between  the  poles  of  a  powerful  magnet.  If  the 
particles  had  been  charged  positively  instead  of 
negatively,  the  tracks  would  have  curved  in  the 
opposite  direction.  A  magnetic  field  can  therefore 
be  used  to  identify  the  kind  of  charge  on  a  particle. 


Courtesy  of  Brookhaven  National  Laboratory. 


c.  High-speed  protons  crossed  from  left  to  right.  One  of  them  col¬ 
lided  with  a  hydrogen  atom,  producing  a  forked  path.  The  lower 
particle  collided  again,  producing  another  fork.  Put  a  ruler  along 
the  proton  paths  and  note  that  they  curve  slightly  downward  in  the 
magnetic  field.  You  should  be  able  to  draw  conclusions  about  the 
charge,  mass,  and  speed  of  the  particles  that  made  the  small 
spiral  tracks.  These  tracks  were  made  in  a  bubble  chamber  which 
was  filled  with  hydrogen  at  its  boiling  point.  Bubbles  of  hydrogen 
gas  formed  wherever  moving  particles  ionized  the  liquid. 


Courtesy  of  Dr.  H.  Yagoda,  Air  Force  Cambridge 
Research  Laboratories. 

d.  Moving  ions  in  a  photographic  emul¬ 
sion  expose  the  chemicals,  thus  creat¬ 
ing  the  tracks.  Here  a  high-energy 
proton  has  scored  a  direct  hit  on  a 
heavy  nucleus  in  the  emulsion.  The 
nucleus  has  broken  into  a  shower  of 
other  particles. 


Figure  4-21  How  scientists 


learn  about  invisible  particles.  (Also  study 


the  photograph  and  caption  on  page  72.) 
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Transmutation  of  Elements 


4-21  The  alchemists’  dream  of  mak¬ 
ing  gold  was  not  realized.  As  the  king 
watched,  the  alchemist  stirred  a  concoction 
in  his  iron  pot.  Strange  vapors  arose,  and 
unpleasant  odors. 

“See,  sire,  there  is  gold,”  said  the  alche¬ 
mist,  pouring  the  liquid  from  his  ladle  to  re¬ 
veal  the  gleam  of  yellow  in  the  bottom. 

The  king,  of  course,  was  delighted.  If 
his  alchemist  could  change  cheap  lead  into 
gold,  he  could  become  the  most  powerful 
king  on  earth.  The  alchemist,  however,  was 
a  rogue  who  had  fooled  the  king  by  putting 
small  pieces  of  gold  into  his  pot  and  then 
pouring  over  them  a  dark  melted  wax. 
When  the  wax  hardened,  it  looked  like  the 
bottom  of  the  pot.  With  much  ceremony 
the  alchemist  had  put  in  his  ingredients, 
heated  the  pot,  melted  the  wax,  and  fished 
out  his  gold. 

The  alchemist  was  forced  to  be  a  rogue 
to  keep  his  job.  However,  he  believed  that 
some  day  he  would  find  a  true  method  to 
make  gold  from  other  metals.  All  matter, 
he  thought,  was  made  of  four  elements, 
earth,  air,  fire,  and  water,  and  his  problem 
was  to  arrange  the  proper  mixture  of  these 
four.  While  there  was  much  magic,  super¬ 
stition,  and  dishonesty  involved  in  alchemy, 
these  scientists  of  the  Middle  Ages  did  dis¬ 
cover  and  record  many  chemical  facts. 
However,  none  of  them  succeeded  in  mak¬ 
ing  gold  from  cheaper  metals. 

4-22  The  dream  comes  true.  Today, 
the  ancient  dream  of  the  alchemist  has 
come  true,  but  it  is  hardly  likely  to  make 
anyone’s  fortune.  In  a  huge  particle  accel¬ 
erator  (Fig.  16-9  in  Chapter  16)  costing 
millions  of  dollars,  a  stream  of  protons  is 
directed  at  a  target  made  of  a  heavy  ele¬ 
ment,  bismuth.  One  of  the  results  of  this 


bombardment  is  that  an  isotope  of  lead  is 
formed  that  spontaneously  changes  to  gold. 
The  process  is  very  expensive,  and  the 
amount  of  gold  made  is  extremely  small. 

In  spite  of  this  fact,  the  artificial  transmu¬ 
tation  (changing)  of  the  elements  is  one  of 
the  most  exciting  developments  of  modern 
science.  Although  it  has  not  produced  gold 
in  quantity,  it  has  produced  isotopes  of 
various  elements  that  are  of  great  value  in 
medicine,  agriculture,  industry,  and  na¬ 
tional  defense;  and  it  has  given  man  an 
entirely  new  source  of  energy. 

4-23  Nuclear  bombardment  transmutes 
elements.  As  you  have  seen,  the  chief  dif¬ 
ference  between  one  element  and  another 
is  the  number  of  protons  in  the  nucleus,  and 
the  only  difference  among  isotopes  of  the 
same  element  is  the  number  of  neutrons.  If 
you  wish  to  change  one  element  into  an¬ 
other,  all  you  need  do  is  to  add  or  subtract 
protons,  and  if  you  wish  to  change  the  iso¬ 
topes,  all  that  is  necessary  is  to  manipulate 
the  neutrons. 

This  is  not  as  easy  as  it  sounds,  for  the 
nucleus  is  very  tightly  bound  together  and 
does  not  easily  accept  newcomers  or  let  out 
its  occupants.  The  principal  method  used 
to  change  a  nucleus  artificially  is  to  bom¬ 
bard  it  with  small  particles  moving  at  high 
velocity.  Table  4-2  on  the  opposite  page 
lists  particles  often  used  for  this  purpose. 

The  apparatus  used  to  speed  up  these 
particles  for  nuclear  bombardment  is  called 
a  particle  accelerator,  and  there  are  many 
kinds.  Cyclotrons,  betatrons,  Van  de  Graaff 
generators,  and  proton  synchrotrons  are  a 
few  of  them.  They  can  accelerate  charged 
particles  only.  Neutrons  are  not  acceler¬ 
ated  in  this  manner  because  they  have  no 
charge. 


Table  4-2 

PARTICLES  OFTEN 

USED  FOR  NUCLEAR  BOMBARDMENT 

(In  this  table,  the 
pared  with  it.) 

mass  of 

a  proton  is  taken  as  1,  and  the  other  masses  are  then  com- 

Particle 

Charge 

Rest  Mass 

Comments 

Electron 

0 

Of  course,  the  electron  does  have  a  mass, 
but  compared  with  that  of  protons  and  neu¬ 
trons,  it  is  too  small  to  consider,  so  it  is 
given  here  as  0. 

Neutron 

0 

1 

Neutrons  and  protons  have  about  the  same 
mass,  so  both  are  listed  as  1. 

Proton 

+ 

1 

iH 1  nucleus 

Deuteron 

+ 

2 

iH“  (deuterium)  nucleus 

Triton 

+ 

3 

in  (tritium)  nucleus 

Alpha 

+  + 

4 

2He4  nucleus 

Photon 

0 

0 

A  tiny  packet  of  energy  found  in  light, 
x-rays,  rays  from  radium,  etc. 

4-24  Other  particles  are  produced  dur¬ 
ing  nuclear  transmutations.  When  a  nu¬ 
cleus  is  hit  by  one  of  the  bombarding  par¬ 
ticles,  it  may  capture  the  particle  or  it  may 
break  up  in  some  way. 

Study  the  photographs  in  Fig.  4—21.  As 
a  result  of  evidence  such  as  this,  scientists 
now  find  themselves  confronted  with  more 
than  30  fundamental  particles.  This  has  not 
changed  the  idea  that  matter  is  primarily 
made  up  of  electrons,  protons,  and  neu¬ 
trons.  These  three  are  the  “old  reliables”  of 
the  universe.  The  other  particles  are  cre¬ 
ated  for  brief  moments  when  the  electrons, 
protons,  and  neutrons  collide.  Table  4-3  on 
the  next  page  lists  some  of  the  particles  now 
known. 

4-25  Does  a  universe  of  antimatter 
exist?  Some  scientists  have  wondered 
whether  there  might  be,  somewhere  off  in 
space,  a  universe  of  antimatter  in  which 
atoms  have  negative  nuclei  made  of  anti¬ 


protons  and  antineutrons,  surrounded  by 
swarms  of  positrons.  If  there  is  such  a  uni¬ 
verse,  a  collision  between  it  and  our 
universe  would  produce  a  tremendous  ex¬ 
plosion,  after  which  there  would  be  nothing 
left  but  energy.  Astronomers  and  physicists 
are  actually  searching  for  evidence  in  space 
that  such  a  thing  might  be  happening. 
They  look  for  places  where  more  energy  is 
pouring  out  than  can  be  accounted  for  in 
any  other  way. 


Self  Check 


1.  What  dream  of  the  alchemists  has  become 
possible  today? 

2.  Why  would  the  modern  transmutation  of 
lead  into  gold  give  no  satisfaction  to  the 
alchemists? 

3.  What  is  the  principal  method  used  to  trans¬ 
mute  elements? 
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CHAPTER  FOUR 


Tabl 

e  4-3  FUNDAMENTAL  PARTICLES 

(In  this  table,  th 
pared  with  it.) 

e  mass  of  an  electron  is 

taken  as  1,  and  the  other  masses  are  then  com- 

Particle 

Rest  Mass 

Charge 

Comments 

Electron 

1 

-1 

These  three  are  the  fundamental  building 

Proton 

1836 

+  1 

blocks  of  our  universe. 

Neutron 

1839 

0 

Positron 

1 

+  1 

Each  of  these  particles  is  the  exact  opposite 

Antiproton 

1836 

-1 

of  the  corresponding  particle  in  the  first  list. 

Antineutron 

1839 

0 

Each  will  combine  with  its  opposite,  with  the 
result  that  they  destroy  each  other.  There 
is  no  mass  left  then,  but  energy  equal  to  me2 
is  produced,  where  m  is  the  sum  of  the 
two  disappearing  masses.  These  are  the 
fundamental  particles  of  “antimatter.” 

Muons, 

207 

+  • 

o 

1  . 

There  are  several  dozens  of  these.  In  some 

Mesons, 

to 

cases  they  occur  in  groups  of  three,  having 

and 

over 

nearly  the  same  weight  and  three  different 

Baryons 

3000 

charges.  Many  of  them  are  formed  when  a 
nucleus  is  broken  up  by  a  bombardment. 

Some  of  the  mesons  are  called  “nuclear  glue” 
because  they  seem  to  help  to  explain  why 
the  positive  charges  in  a  nucleus  can  be  held 
together  in  spite  of  the  tremendous  electro¬ 
static  repulsion  that  must  exist  between  like 
charges  close  together.  It  is  possible  that 
some  of  them  may  be  combinations  of  others. 
These  particles  change  rapidly  into  other 
particles  and  into  energy.  They  have  aver¬ 
age  lives  ranging  from  two  millionths  of  a 
second  to  less  than  ten  trillionths. 

Neutrinos 

0 

0 

Formed  when  a  neutron  changes  into  a  proton 
and  an  electron,  and  in  some  other  reactions. 

There  are  2  kinds  of  neutrinos  and  2  kinds 

Antineutrino 

0 

0 

of  antineutrinos. 

Photon 

0 

0 

Packet  of  energy. 

MATTER  AND  ENERGY 
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4.  What  are  some  fields  in  which  new  isotopes 
have  shown  their  value? 

5.  What  is  the  purpose  of  a  particle  acceler¬ 
ator? 

6.  Which  particle  cannot  be  accelerated  by  a 
particle  accelerator? 

7.  What  is  changed  when  an  element  under¬ 
goes  transmutation? 

8.  What  are  the  antiparticles  corresponding  to 
the  proton,  electron,  and  neutron? 

9.  What  happens  when  a  particle  meets  its 
antiparticle? 


Discussion  Questions 


1 .  How  can  you  tell  that  the  electron  on  p.  72 
was  slowing  down?  What  made  it  slow 
down? 

2.  How  does  the  electron-positron  pair  on 
p.  72  illustrate  the  law  of  conservation  of 
charge? 

3.  What  conclusions  do  you  draw  about  the 
particles  that  caused  the  spiral  tracks  in 
Fig.  4-2 lc? 


Transmutation  Produces  Energy 


4-26  The  whole  is  not  equal  to  the 

sum  of  its  parts.  Here  is  some  rather  inter¬ 
esting  arithmetic.  Consider  the  helium 
atom: 

1  helium  atom  ^He4) 

=  2  protons  +  2  electrons  +  2  neutrons 

Now  1  proton  +  1  electron  is  the  same  as 
a  hydrogen  atom.  Therefore: 

1  helium  atom 

=  2  hydrogen  atoms  +  2  neutrons 

This  equation  says  that  a  helium  atom  is 
composed  of  2  hydrogen  atoms  plus  2  neu¬ 
trons.  Then  the  masses  of  the  various  parts 
should  equal  the  mass  of  a  helium  atom. 
The  masses  are  given  in  Table  4-A. 

Now  comes  the  arithmetic.  Using  the 
figures  from  Table  4-A: 

2.01566  u  =  mass  of  2  hydrogen  atoms 
+  2.01734  u  =  mass  of  2  neutrons 

4.03300  u  =  mass  of  2  hydrogen  atoms 
+  2  neutrons 

But  the  mass  of  a  helium  atom  is 
4.00260  u,  which  is  less  than  4.03300  u.  The 
helium  atom  has  a  smaller  mass,  although 


both  are  composed  of  2  protons,  2  electrons 
and  2  neutrons.  The  difference  between 
these  two  numbers  is  0.03040  u,  which  is 
0.75  percent  (%  of  1  percent)  of  the  mass 
of  the  helium  atom. 

You  might  think  that  this  discrepancy 
could  be  due  to  a  slight  mistake  in  the 
measurement  of  the  masses,  but  this  is  not 
the  case.  The  measurements  have  an  error 
less  than  0.001  percent.  Therefore,  another 
way  must  be  found  to  account  for  the  dif¬ 
ference. 


Table  4-4  REST  MASSES  OF 
SMALL  PARTICLES 

These  masses  are  given  in  (unified)  atomic 
mass  units  (u).  One  u  is  1/12  of  the  mass 
of  an  atom  of  C12.  It  is  equal  to  1.66  X 
IQ"24  g. 


Particle 

Rest  Mass 

Electron 

0.00055 

Hydrogen  (H1)  atom 

1.00783 

Neutron 

1.00867 

Helium  (He4)  atom 

4.00260 
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4-27  Mass  becomes  energy.  Appar¬ 
ently  if  you  could  put  together  protons  and 
neutrons  and  electrons  to  construct  helium 
atoms,  a  small  fraction  of  the  mass  would 
disappear.  Where  would  it  go?  The  Ein¬ 
stein  relativity  theory  gives  the  answer.  It 
would  become  energy.  Therefore,  if  helium 
atoms  were  made  out  of  hydrogen  atoms 
and  neutrons,  energy  would  be  produced 
equal  to  Amc2,  where  Am  is  the  loss  in  mass. 
This  is  what  is  probably  going  on  in  the 
sun  and  stars  to  give  them  their  enormous 
energy.  The  process  is  complicated,  but 
the  end  result  is  the  production  of  helium 
from  hydrogen,  some  of  the  hydrogen  pro¬ 
tons  being  changed  into  neutrons. 

What  happens  with  other  atoms?  Lith¬ 
ium  7  has  a  mass  of  7.01601  u  and  atomic 
number  3.  Therefore,  it  has  3  protons,  3 
electrons,  and  4  neutrons,  the  equivalent  of 
3  hydrogen  atoms  plus  4  neutrons. 

3.02349  u  =  mass  of  3  hydrogen  atoms 
+  4.03468  u  =  mass  of  4  neutrons 

7.05817  u  =  mass  of  3  hydrogen  atoms 
4-  4  neutrons 

—  7.01601  u  =  mass  of  lithium  7  atom 
0.04216  u  =  discrepancy  in  the  mass 

If  you  repeat  this  arithmetic  for  every 
isotope  of  every  element,  you  find  that  the 
mass  of  the  atom  is  always  smaller  than  the 
sum  of  the  masses  of  the  particles  of  which 
it  is  made.  Here  are  some  examples: 


Atom 

Discrepancy  in  the  mass 

iH2 

0.0024  u 

2He4 

0.0304  u 

3Li7 

0.0422  u 

6c12 

0.0990  u 

8010 

0.1371  u 

p  50 

26' e 

0.529  u 

1  i238 

92U 

1.94  u 

If  you  could  find  a  way  to  build  heavier 
atoms  out  of  the  very  light  ones,  you  would 
always  get  energy  in  addition  to  the  new 


atoms.  When  Einstein  predicted  this  back 
in  1905,  no  one  knew  how  to  do  it.  Today 
light  atoms  have  been  combined  into  heav¬ 
ier  ones  in  the  hydrogen  bomb. 

The  discrepancy  in  the  mass  of  an  atom 
is  called  binding  energy  because  it  is  the 
energy  produced  by  the  binding  together  of 
neutrons  and  hydrogen  atoms  to  form  heav¬ 
ier  atoms.  It  is  also  the  energy  that  must  be 
supplied  to  break  an  atom  into  neutrons 
and  hydrogen  atoms.  In  this  case  you 
might  like  to  call  it  the  “unbinding  energy.” 
The  binding  energy  can  be  measured  in 
atomic  mass  units,  as  was  done  here,  or  it 
can  be  converted  into  joules  by  using  the 
equation  E  =  Amc2,  where  Am  is  the  mass 
discrepancy. 

Notice  that  the  mass  discrepancy  or  bind¬ 
ing  energy  becomes  greater  as  the  mass  of 
the  atom  becomes  greater.  In  the  list 
above,  it  is  greatest  for  U238  and  least  for 
deuterium  (H2).  This  is  reasonable,  for 
the  larger  the  number  of  particles  packed 
into  a  nucleus,  the  greater  the  mass  loss  is 
likely  to  be.  In  order  to  even  out  the  effect 
so  that  a  better  comparison  can  be  made 
between  one  atom  and  another,  it  is  cus¬ 
tomary  to  divide  the  total  binding  energy 
by  the  mass  number,  or  number  of  nu¬ 
cleons.  This  then  tells  the  binding  energy 
per  unit  of  mass  of  the  substance.  In  Fig. 
4-22  you  see  how  the  binding  energy  per 
nucleon  changes  as  the  mass  of  the  nucleus 
increases.  The  combining  of  atoms  of  light 
elements  to  form  heavier  atoms,  with  a  re¬ 
sultant  production  of  energy,  is  called  nu¬ 
clear  fusion 

4-28  Light  elements  may  be  made  to 
undergo  fusion.  The  calculations  using 
hydrogen  and  helium  show  that  energy 
would  be  produced  if  hydrogen  atoms  could 
be  combined  to  make  helium.  Even  though 
only  three  quarters  of  one  percent  of  the 
mass  is  lost  in  the  process,  the  energy  pro¬ 
duced  would  be  enormous.  Earlier  in  this 
chapter  (p.  78  )  the  amount  of  energy 


average  binding  energy  per  nucleon,  (MeV) 
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produced  if  1  g  of  matter  were  converted  to 
energy  was  found  to  be  enough  to  supply 
10,000  homes  with  electric  power  for  a  year. 
If  1  g  of  hydrogen  could  be  made  into 
helium,  the  mass  loss  would  be  3A  percent 
of  1  g,  or  0.0075  g,  a  weight  so  small  you 
could  not  feel  it.  The  energy  produced 
could  make  electricity  for  %  percent  of 
10,000  homes,  or  75  homes  for  a  year  ( or  for 
1  home  for  75  years). 

It  is  believed  that  the  hydrogen-into- 
helium  process  is  the  source  of  the  heat  and 
light  of  the  sun  and  stars.  One  problem  in 


getting  this  reaction  to  take  place  is  that 
protons  (hydrogen  nuclei)  repel  each  other 
with  such  force  that  it  is  very  difficult  to  get 
them  close  enough  together  to  fuse  into 
helium  nuclei.  Only  when  they  are  moving 
fast  enough  can  this  be  done,  and  to  make 
them  go  fast  enough  they  must  be  heated  to 
a  very  high  temperature,  as  is  the  case  in 
the  sun  and  stars.  If  man  wishes  to  use  the 
fusion  of  light  elements  for  power  produc¬ 
tion,  he  must  solve  the  temperature  prob¬ 
lem.  This  is  now  the  subject  of  a  great  deal 
of  research. 


Figure  4—22  Graph  of  binding  energy  per  nucleon  vs.  mass  number. 


From  Holton  and  Roller,  FOUNDATIONS  OF  MODERN  P1D  S1CAL 
SCIENCE,  1958,  Addison-Wesley,  Reading,  Mass. 
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4-29  Heavy  elements  may  undergo 
fission.  Examine  the  graph  of  Fig.  4—22. 
You  will  notice  that  the  binding  energy  per 
nucleon  increases  very  rapidly  at  the  start, 
reaches  a  maximum  along  near  the  middle, 
and  then  decreases. 

Suppose  you  started  with  hydrogen 
atoms  to  make  helium  atoms.  You  have  al¬ 
ready  seen  that  there  is  much  energy  given 
off.  Now  you  use  more  hydrogen  atoms, 
to  make  heavier  and  heavier  nuclei.  The 
binding  energy  curve  rises,  showing  that 
more  energy  is  given  off.  Then  when  you 
get  to  iron  you  reach  the  top  of  the  curve. 

Now  note  that  if  you  make  atoms  heav¬ 
ier  than  iron,  the  curve  slopes  down.  This 
means  that  instead  of  giving  off  energy  the 
nucleus  is  taking  in  energy.  The  heavier 
the  nucleus  gets  from  here  on,  the  more 
energy  it  stores  up.  Therefore,  if  you 
could  break  a  very  heavy  nucleus,  uranium, 
for  example,  down  to  middleweight  atoms, 
you  should  be  able  to  obtain  an  enormous 
amount  of  energy.  This  process  is  known 
as  nuclear  fission 


Self  Check 


1 .  How  many  hydrogen  atoms  and  how  many 
neutrons  would  it  take  to  make  one  atom 
of  sodium  23  (nNa23)? 

2.  If  you  added  together  the  masses  of  the 
hydrogen  atoms  and  neutrons  needed  to 
make  one  atom  of  sodium  23,  how  would 
the  sum  compare  with  the  mass  of  an  atom 
of  sodium  23? 

3.  What  is  the  name  given  to  the  difference  in 
the  masses  described  in  Question  2? 

4.  What  becomes  of  the  mass  lost  when  heavy 
atoms  are  made  from  light  ones? 

5.  What  is  nuclear  fission? 

6.  What  is  nuclear  fusion? 

7.  Which  of  these  is  the  source  of  energy  in 
the  sun  and  stars? 


Problems 


1.  If  1  u  =  1.66  X  10-24  g,  how  much 
energy  in  joules  is  produced  by  the  disappear¬ 
ance  of  1  u  of  mass? 

2.  Compute  the  binding  energy  in  u  for 
C12  and  U238  given  the  following  atomic  masses 
in  u:  C12,  12.0000;  U238,  238.05. 

3.  Determine  the  binding  energy  in 
joules  for  C12  and  U238. 


Discussion  Question 


Does  the  binding  energy  per  nucleon  increase 
in  a  regular  way  with  increase  in  mass  number? 
(See  Fig.  4-22.) 


Chapter 

Summary 


The  mass  of  an  object  is  not  a  constant,  but 
increases  as  its  speed  increases.  The  increase  is 
measurable  only  at  speeds  approaching  that  of 
light  in  a  vacuum.  The  speed  of  light  in  a 
vacuum  is  probably  the  speed  limit  for  a  mov¬ 
ing  mass.  As  an  object  speeds  up,  its  increase 
in  kinetic  energy  is  directly  proportional  to  its 
increase  in  mass.  Therefore,  mass  is  considered 
a  stored  form  of  energy.  The  rest  mass  and  rel¬ 
ativistic  mass  of  an  object  are  its  masses  when 
motionless  and  when  moving,  respectively. 
The  kinetic  energy  of  a  moving  object  is  given 
by  the  equation:  AE  =  A  me1 2 3 4 5 6 7.  The  law  of  con¬ 
servation  of  mass-energy  has  supplanted  the 
separate  laws  of  conservation  of  matter  and 
conservation  of  energy. 

All  matter  is  electrical  in  nature.  There  are 
two  kinds  of  electric  charge,  positive  and  nega¬ 
tive.  Like  charges  repel,  unlike  charges  attract 
each  other  with  a  force  that  follows  Coulomb’s 
law.  The  primary  particles  out  of  which  matter 
is  made  are  protons,  electrons,  and  neutrons. 
The  existence  of  charged  objects  can  be  ex- 
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plained  in  terms  of  these  particles.  In  all  cases 
of  charge  production,  charge  is  conserved.  The 
unit  of  electric  charge  is  the  coulomb.  Electro¬ 
static  forces  among  atomic  particles  are  tre¬ 
mendous  compared  with  gravitational  forces 
among  these  same  particles. 

Atoms  are  composed  of  electrons,  protons, 
and  neutrons.  All  of  the  atoms  of  an  element 
have  the  same  number  of  protons  and  elec¬ 
trons,  but  may  differ  in  number  of  neutrons. 
The  charging  of  objects  by  conduction  or  in¬ 
duction  and  the  behavior  of  insulators  and  con¬ 
ductors  can  be  explained  in  terms  of  the  be¬ 
havior  of  the  electrons  in  atoms. 

Atoms  have  a  positively  charged  nucleus 
composed  of  protons  and  neutrons  and  sur¬ 
rounded  by  planetary  electrons.  The  number 
and  arrangement  of  electrons  in  a  neutral  atom 
determines  its  chemical  behavior.  An  element 
may  have  several  isotopes.  A  nuclide  is  de¬ 
scribed  in  terms  of  its  atomic  number  and 
mass  number.  Nuclidic  masses  and  chemical 
atomic  weights  are  related  to  the  mass  number. 
Ions  are  charged  atoms,  charged  groups  of 
atoms,  or  unattached  electrons. 

Transmutation  of  nuclei  is  possible.  Particle 
accelerators  are  used  to  speed  up  particles  that 
cause  transmutation  when  they  bombard  nu¬ 
clei.  Other  particles  formed  during  transmuta¬ 
tion  include  positrons,  mesons,  antiprotons, 
antineutrons,  and  various  others. 

For  all  nuclides  except  H1,  the  sum  of  the 
masses  of  the  hydrogen  atoms  and  neutrons  of 
which  they  are  made  is  less  than  the  atomic 
mass.  The  discrepancy  in  mass  represents  an 
energy  loss  called  the  binding  energy  and  is 
equal  to  the  energy  required  to  break  up  the 
atom.  Fusion  of  lighter  elements  into  heavier 
ones  results  in  conversion  of  part  of  the  mass  to 
energy.  Fission  of  heavy  elements  into  middle¬ 
weight  ones  also  results  in  conversion  of  part  of 
the  mass  to  energy. 


Vocabulary- 

rest  mass  (p.  74) 
relativistic  mass 
(p.  74) 

energy  equivalent 
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neutron  (p.  83) 
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electroscope  (p.  87) 
polarity  (p.  88) 
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Problems 

1 .  What  is  the  relativistic  mass  at  a 
speed  of  exactly  0.6  c  of  an  object  with  a  rest 
mass  of  exactly  1  kg? 

2.  The  example  on  p.  78  showed  that 
the  conversion  of  1  g  of  mass  into  energy  yields 
2.5  X  107  kWh.  Suppose  that  you  reverse  the 
process  and  use  electrical  energy  to  produce 
mass.  Your  expense  is  very  low,  only  1  cent 
per  kWh.  What  would  it  cost  to  produce  1  g 
of  mass?  Consult  the  catalog  of  chemicals  in 
your  science  room  to  see  whether  there  are  any 
that  are  worth  producing  at  this  rate. 

3.  How  many  lithium  7  atoms  would 
have  to  be  made  from  hydrogen  and  neutrons 
in  order  to  produce  1  kWh  of  energy?  What 
would  be  their  mass? 
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bubble  chamber 
(pp.  96,  97) 
photographic 
emulsion  (p.  97) 
particle  accelerator 
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Discussion  Questions 

1 .  If  you  dropped  a  penny  from  the  top  of  a 
skyscraper,  its  impact  on  the  head  of  a  pe¬ 
destrian  might  be  enough  to  kill  him.  Is 
this  because  of  the  mass  increase  in  the 
penny? 

2.  The  idea  that  mass  increases  with  increase 
in  speed  is  part  of  Einstein’s  theory  of  rela¬ 
tivity.  Notice  that  word,  relativity.  If  you 
were  in  a  spaceship  traveling  away  from  the 
earth  at  half  the  speed  of  light,  your  mass 
should  be  increased  by  15  percent  accord¬ 
ing  to  the  Einstein  equation.  How  would 
the  change  affect  your  observation  of  your¬ 
self? 

3.  One  of  the  major  problems  of  modern  phys¬ 
ics  is  the  question  of  what  holds  the  nucleus 
together.  What  do  you  know  about  the  nu¬ 
cleus  that  would  lead  you  to  think  that  it 
ought  not  to  stay  together? 

4.  Explain  the  attraction  of  a  neutral  piece  of 
paper  to  a  positively  charged  rod. 

5.  A  hollow  metal  ball  is  charged  negatively 
by  conduction.  What  kind  of  charge  would 
you  expect  to  find  on  the  inside  surface  of 
the  ball?  Why? 

6.  Why  do  physicists  prefer  to  give  atomic 
masses  in  atomic  mass  units  rather  than  in 
grams  or  kilograms? 

Work  on  Your  Own 

1.  Look  up  H.  A.  Lorentz  in  the  encyclopedia 
and  see  how  his  contributions  to  physics 
fitted  in  with  those  of  Einstein. 

2.  Here  are  four  books  about  Einstein  and  his 
work  that  you  might  enjoy  reading: 


Lincoln  Barnett,  The  Universe  and  Dr.  Ein¬ 
stein,  Wm.  Sloane  Associates,  1948.  (This 
is  also  published  in  paperback,  Mentor  Book 
No.  71.) 

Martin  Gardner,  Relativity  for  the  Millions, 
Macmillan  Co.,  1962. 

George  Gamow,  Mr.  Tompkins  in  Wonder¬ 
land,  Cambridge  University  Press,  1939. 
Antonina  Wallentin,  The  Drama  of  Albert 
Einstein,  Doubleday  and  Co.,  1954. 

3.  Books  that  have  sections  on  Einstein’s  rela¬ 
tivity  theory  and  on  modern  alchemy  are: 
Albert  Einstein,  and  Leopold  Infeld,  The 
Evolution  of  Physics,  Simon  and  Schuster, 
Inc.,  1938,  1942. 

George  Gamow,  One,  Two,  Three,  Infinity, 
Mentor  Book  No.  97,  1954. 

George  Gamow,  Matter,  Earth,  and  Sky, 
Prentice-Hall,  1958. 

4.  For  material  on  the  history  of  our  knowl¬ 
edge  of  electric  charge,  read  “Electricity 
from  the  Greeks  to  Coulomb”  by  Roller  and 
Roller  in  Harvard  Case  Histories  in  Experi¬ 
mental  Science,  Vol.  2,  J.  B.  Conant,  Ed., 
Harvard  University  Press,  1957. 

5.  Look  up  the  contributions  to  understanding 
of  the  atom  that  were  made  by  J.  J.  Thom¬ 
son,  Ernest  Rutherford,  and  J.  Chadwick. 

6.  Your  school  can  get  a  free  Chart  of  the  Nu¬ 
clides,  listing  all  the  isotopes  of  the  atoms, 
by  writing  to  General  Electric  Company, 
Public  and  Employee  Relations  Services, 
Schenectady  5,  New  York.  A  more  com¬ 
plete  and  also  more  complicated  Trilinear 
Chart  of  Nuclides  is  available  from  the  Su¬ 
perintendent  of  Documents,  U.  S.  Govern¬ 
ment  Printing  Office,  Washington  25,  D.C. 
at  moderate  cost. 
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Albert  Einstein  •  1879-1955 


Albert  Einstein  was  only  twenty-six  years  old  when  he  published  two  papers 
that  greatly  contributed  to  the  twentieth-century  revolution  in  physics  and 
technology.  One  of  the  papers,  an  explanation  of  the  photoelectric  effect, 
helped  to  establish  the  quantum  theory  by  showing  that  light  may  act  in  some 
ways  like  a  stream  of  particles.  The  photoelectric  effect  is  now  widely  utilized 
in  such  devices  as  “electric  eyes,"  sound  motion  pictures,  and  television. 
Einstein’s  other  paper  of  1905  described  the  special  theory  of  relativity.  The 
now  famous  equation  E  =  me2,  which  led  eventually  to  the  development  of 
nuclear  energy,  was  part  of  this  paper. 

Einstein’s  general  theory  of  relativity  was  proposed  in  1915.  It  expanded 
Newton’s  ideas  of  gravitation  by  relating  gravitational  forces  to  the  effects 
of  the  curvature  of  space.  The  theory  has  been  widely  accepted  because 
many  of  its  conclusions  have  been  confirmed  by  observation. 

In  1933,  when  Adolph  Hitler  became  Chancellor  of  Germany,  Einstein  — 
who  was  of  Jewish  parentage  —  was  deprived  of  both  his  German  citizenship 
and  the  professorship  he  then  held  at  the  University  of  Berlin.  Einstein  had 
been  visiting  the  United  States  shortly  before  that  and  decided  to  return.  He 
was  made  Professor  of  Mathematics  at  the  Institute  for  Advanced  Study  in 
Princeton,  New  Jersey,  where  he  worked  until 
his  death.  His  last  theory  was  an  attempt  to 
deal  with  electric,  magnetic,  and  gravitational 
fields  in  one  unified  theory.  Neither  Einstein 
himself  nor  any  other  physicist  has  thought  of 
a  way  to  test  this  theory,  however;  and  it  has 
thus  been  neither  accepted  nor  rejected  as  yet. 

The  contribution  Einstein  made  to  science  was 
remarkable,  but  he  is  equally  admired  for  his 
qualities  as  a  human  being.  It  is  characteristic 
of  his  humanity  that  he  would  agree  to  write  his 
autobiography  only  because,  as  he  put  it,  it 
is  a  good  thing  to  show  those  who  are  striving 
alongside  of  us,  how  one  s  own  striving  ap¬ 
pears  ...  in  retrospect.’’ 
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This  is  a  view  looking  down  into  a  tank  of  heavy  water  surrounding  a  nuclear  reactor.  Nuclear 
particles  shoot  out  of  the  reactor  with  such  speed  that  they  move  faster  in  the  water  than  the 
speed  of  light  in  water  (not  faster  than  the  speed  of  light  in  a  vacuum).  As  a  result,  a  glow 
is  produced  in  the  water,  known  as  Cerenkov  radiation. 


If  you  have  a  Wrist  watch  or  a  clock  with  a  luminous  dial,  look  at  it  with  a 
hand  lens  some  night  in  a  dark  room,  and  after  your  eyes  have  become  ad¬ 
justed  to  the  dark,  you  will  see  flickering  flashes  of  light  all  over  the  dial.  If 
you  observe  the  dial  with  a  microscope,  you  will  see  individual  flashes,  each 
caused  by  the  transmutation  of  a  single  nucleus  of  radium.*  Radium  is  there¬ 
fore  a  source  of  nuclear  energy,  but  the  energy  is  produced  in  such  small 
amounts  that  it  is  not  useful  for  power.  Furthermore,  the  rate  at  which  radium 
nuclei  produce  the  energy  cannot  be  controlled. 

Natural  radioactivity  —  like  that  of  radium  —  was  discovered  in  the  1  890’s. 
Not  until  1939  did  scientists  discover  a  way  to  control  nuclear  energy.  This 
chapter  is  a  history  of  the  discoveries  that  have  led  to  nuclear-powered  ships, 
nuclear  electric  generators,  and  nuclear  weapons,  to  cancer-destroying  nu¬ 
clides,  to  radioactive  tracers,  and  to  plasmas  as  shown  on  the  opposite  page. 


Natural  Radioactivity 


5-1  Uranium  produces  radiation.  Pro¬ 
fessor  Henri  Becquerel  was  interested  in 
fluorescent  substances,  chemicals  that  glow 
when  light  shines  on  them  (such  as  those 
on  many  road  signs  today).  The  year  was 
1896.  A  German  scientist,  W.  K.  Rontgen, 
had  recently  discovered  a  mysterious  radia¬ 
tion  that  he  called  x-rays.  Becquerel 
thought  that  his  fluorescent  chemicals 
might  give  off  x-rays  when  they  were  ex¬ 
posed  to  sunlight. 

*  If  you  try  this,  you  must  either  use  a  photo¬ 
graphic  dark  room  or  do  it  at  night.  It  will  take 
10  minutes  or  more  for  your  eyes  to  become  suf¬ 
ficiently  sensitive  to  see  the  flashes.  It  may  be 
necessary  to  remove  the  crystal  from  the  watch  in 
order  to  bring  the  numerals  or  hands  into  focus. 
Focus  the  microscope  before  turning  out  the  light. 


In  a  dark  room  he  took  a  photographic 
plate  and  wrapped  it  in  heavy  black  paper 
so  that  ordinary  light  could  not  affect  it. 
On  the  package  Becquerel  placed  one  of 
his  fluorescent  substances,  a  compound  of 
uranium.  As  soon  as  the  sun  shone,  he 
would  put  the  package  where  the  light 
would  fall  on  the  compound.  Then  if  the 
sunlight  caused  the  compound  to  produce 
x-rays,  he  would  know  it  because  x-rays 
can  go  through  black  paper  and  would 
therefore  affect  the  plate.  The  sun,  how¬ 
ever,  did  not  shine.  For  several  days  he 
waited.  Still  no  sun.  Finally,  fearing  that 
some  stray  light  might  have  gotten  in,  he 
developed  his  plate.  Imagine  his  amaze¬ 
ment  when  he  found  the  exact  outline  of  the 


Figure  5-1  The  photographic  plate  on  the 
left  cannot  be  exposed  by  ordinary  light  be¬ 
cause  it  is  inside  a  plate  holder.  The  object 
on  top  of  the  plate  is  a  lump  of  ore  containing 
uranium.  The  picture  above  shows  that  the 
rays  from  the  ore  have  passed  through  the 
paper  and  exposed  the  plate. 


compound  on  the  plate  (Fig.  5-1  )!  Even 
without  sunlight,  this  substance  was  sending 
out  rays  that  could  pass  through  black 
paper. 

He  tried  the  experiment  again,  this  time 
completely  in  the  dark,  so  that  no  kind  of 
light  could  reach  the  compound.  Again  the 
plate  had  an  image.  He  used  other  com¬ 
pounds.  Whenever  there  was  uranium  in 
the  compound,  the  blackening  occurred; 
without  uranium  there  was  no  reaction. 
Even  when  the  uranium  compound  was  not 
a  fluorescent  one,  the  photographic  plate 
was  affected.  He  tested  at  high  tempera¬ 
tures  and  at  low  ones.  The  results  were 
the  same. 

An  entirely  unknown  kind  of  radiation 
was  coming  from  uranium.  It  happened 
without  being  started,  and  it  could  not  be 
stopped  or  even  slowed.  If  it  were  due  to 
a  chemical  change  in  which  the  atoms  of  a 
molecule  were  rearranged,  then  different 
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uranium  compounds  should  behave  differ¬ 
ently,  but  they  did  not.  This  energy  must 
have  something  to  do  with  the  nature  of 
uranium  atoms  themselves. 

5-2  The  Curies  discover  radium.  Pierre 
and  Marie  Curie  knew  Becquerel  and  were 
interested  in  his  discovery.  Marie  studied 
a  number  of  ores  of  uranium  and  found 
that  one  of  them,  pitchblende,  seemed  to  be 
sending  out  more  radiation  than  could  be 
accounted  for  by  the  uranium  it  contained. 
This  started  the  Curies  on  one  of  the  most 
backbreaking  scientific  investigations  of  all 
time.  They  decided  to  separate  all  the  sub¬ 
stances  they  could  find  in  a  ton  of  pitch¬ 
blende.  For  months  they  carried  pitch¬ 
blende  and  concentrated  the  ray-producing 
part,  trying  to  find  what  was  sending  out 
rays  even  stronger  than  those  from  uranium. 

Finally  they  announced  the  discovery  of 
two  new  elements.  The  first  they  named 
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polonium,  for  Marie’s  native  country, 
Poland.  The  second  they  named  radium. 
And  how  much  radium  did  they  find  in 
their  ton  of  ore?  Less  than  a  hundredth  of 
an  ounce!  Yet  this  tiny  bit  of  radium  was 
more  powerful  than  the  600  pounds  of 
uranium  in  the  ore!  It  was  Marie  Curie 
who  gave  the  name  radioactivity  to  the 
action  of  these  substances. 

5-3  Radioactive  substances  produce 
three  kinds  of  radiation.  Many  people  be¬ 
gan  to  study  the  rays  given  off  by  radio¬ 
active  substances.  Three  kinds  of  rays  were 
detected;  they  were  named  with  the  first 
three  letters  of  the  Greek  alphabet:  alpha 
(a),  beta  ( /J ) ,  and  gamma  ( y ) .  Alpha  rays 
could  be  stopped  by  an  ordinary  sheet  of 
paper  or  a  few  inches  of  air.  Beta  rays 
would  go  through  many  feet  of  air  and  thin 
sheets  of  metal.  Gamma  rays  could  be 
stopped  by  IV2  miles  of  air  or  a  foot  of  lead. 

In  addition,  the  effect  of  a  magnet  on  the 
path  of  these  rays  coming  from  radium 
was  studied  (Fig.  5-2).  Alpha  rays  were 
found  to  bend  in  one  direction  and  beta 
rays  in  another.  Gamma  rays  were  not  de¬ 
flected.  Scientists  already  knew  that  a  mag¬ 
netic  field  causes  the  path  of  a  moving 
charged  particle  to  curve,  the  direction  of 

Figure  5-2  This  diagram  shows  charged  par¬ 
ticles  from  radium  being  deflected  by  a 
magnetic  field.  Alpha  particles  are  deflected 
in  one  direction,  showing  that  they  are  posi¬ 
tive;  beta  particles,  in  the  other  direction, 
showing  that  they  are  negative.  The  curva¬ 
ture  of  the  paths  shows  that  alpha  particles 
are  much  heavier.  Gamma  rays  are  unde¬ 
flected,  showing  that  they  have  no  charge. 


the  curve  depending  on  whether  the  charge 
is  positive  or  negative.  Therefore  this  and 
other  experiments  led  to  the  conclusion  that 
alpha  rays  were  positive  helium  nuclei, 
beta  rays  were  electrons,  and  gamma  rays 
were  very  much  like  x-rays  but  more  pene¬ 
trating.  Alpha  and  beta  particles  come  out 
of  a  nucleus  with  a  great  deal  of  kinetic 
energy,  and  gamma  rays  carry  away  energy 
too.  A  radioactive  element  is  one  in  which 
the  nucleus  disintegrates  spontaneously, 
giving  off  various  kinds  of  radiation. 

5-4  Radioactive  decay  produces  new 
elements.  When  a  nucleus  shoots  out  an 
alpha  particle  or  an  electron,  the  nucleus 
changes  into  that  of  a  new  element.  The 
most  common  isotope  of  uranium,  92U238, 
is  a  good  example.  The  composition  of  the 


uranium  is: 

Number  of  nucleons .  238 

Minus  the  number  of  protons.  . .  —  92 
Number  of  neutrons .  146 


When  uranium  decays,  it  gives  off  an  alpha 
particle,  which  is  a  helium  nucleus,  con¬ 
taining  2  protons  and  2  neutrons.  The  90 
protons  and  144  neutrons  left  behind  be¬ 
come  the  nucleus  of  a  new  element.  The 
early  investigators  called  it  uranium 
(UX!).  To  find  out  what  it  is,  look  for 
atomic  number  90  in  the  table  of  elements 
on  p.  95.  It  is  one  of  the  isotopes  of 
thorium. 

This  reaction  can  be  written  as  a  nuclear 
equation: 

92U238  ^  9oTh234  +  2He4  +  energy 

An  arrow  is  used  here,  as  in  equations  for 
chemical  reactions,  instead  of  an  equals  sign 
to  show  that  the  U238  changes  into  the  other 
elements.  When  this  happens  there  is  a  tiny 
loss  of  mass,  which  is  converted  into  energy, 
partly  gamma  radiation  and  partly  the 
kinetic  energy  of  the  alpha  particle  (2He4). 
Notice  in  this  equation  that  the  mass  num¬ 
bers  at  the  top  balance  ( 238  =  234  +  4 ) 
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and  the  numbers  at  the  bottom  also  bal¬ 
ance  (92  =  90  +  2).  Whenever  you  write 
nuclear  reactions,  be  sure  to  check  the 
arithmetic  involved.  Since  this  is  a  nuclear 
reaction,  the  numbers  refer  to  protons  and 
neutrons  only;  ignore  planetary  electrons. 

Thorium  234  is  also  radioactive.  When 
it  decays,  it  shoots  off  a  beta  particle,  an 
electron,  not  one  of  its  planetary  electrons, 
but  one  from  the  nucleus.  How  can  this 
happen,  if  the  nucleus  contains  only  protons 
and  neutrons?  Apparently  a  neutron 
changes  into  a  proton  and  an  electron.  The 
electron  is  shot  off  and  the  proton  stays  in 
the  nucleus.  The  thorium  nucleus  has  90 
protons.  After  the  electron  escapes  there 
are  91  protons.  The  new  element  is  pro¬ 
tactinium.  One  neutron  has  changed  to  a 
proton  and  an  electron,  so  there  are  143 
neutrons  left  in  the  new  nucleus.  The  mass 
number  ( protons  plus  neutrons )  remains 
the  same.  The  nuclear  equation  is: 

-0,234  n_ 234  0 

90lh  ~ *  91'  a  I  — le 

An  electron  is  written  as  -je0.  The  0  indi¬ 
cates  that  it  has  no  significant  mass.  Only 
protons  and  neutrons  contribute  to  the  mass 
number  of  a  nucleus.  The  —1  is  the  charge 
of  the  electron.  Remember  that  this  elec¬ 
tron  came  from  the  nucleus  and  not  from 
the  planetary  electrons.  Notice  that  the 
numbers  balance:  234  =  234  +  0  and 
90  =  91  +  (-1). 

The  protactinium  also  decays,  forming  a 
new  radioisotope  (radioactive  isotope)  of 
uranium,  and  the  reactions  continue  until 
finally  the  nucleus  becomes  a  stable  (non¬ 
radioactive)  isotope  of  lead.  It  is  rather 
ironic  that  the  natural  transmutation  of  the 
elements  should  end  up  with  lead,  the  ele¬ 
ment  the  alchemists  hoped  to  change  into 
gold. 

5-5  Half-life  is  a  measure  of  radio¬ 
active  decay.  Imagine  a  pond  full  of  min¬ 
nows,  160,000  of  them.  You  have  a  boat 
that  drags  a  large  net  through  the  pond. 


In  one  trip  around  the  pond,  your  net  picks 
up  half  the  minnows.  Now  there  are  80,000 
left,  but  they  swim  in  all  directions  so  that 
they  fill  in  the  gaps  left  by  the  minnows 
you  caught  and  are  well  distributed  over 
the  pond  by  the  time  you  have  emptied  the 
net.  You  start  on  the  second  trip  around. 
Your  net  is  just  as  good  as  before,  so  it  will 
still  catch  half  of  the  minnows  in  the  pond. 
Since  there  are  fewer  minnows,  on  the 
second  trip  you  catch  40,000,  leaving  40,000 
in  the  pond.  Again  the  minnows  spread  out 
into  the  spaces  left.  If  you  continue  mak¬ 
ing  trips,  here  is  what  happens: 

Originally  there  were  1  60,000  minnows 

At  end  of  first  trip  there  are  80,000 
At  end  of  second  trip 

there  are  40,000 

At  end  of  third  trip  there  are  20,000 
At  end  of  fourth  trip  there  are  10,000 
At  end  of  fifth  trip  there  are  5,000 

If  it  takes  you  20  minutes  to  make  the  trip, 
then  every  20  minutes  half  of  the  minnows 
disappear  from  the  pond. 

The  decay  of  a  radioactive  element  fol¬ 
lows  this  kind  of  behavior.  In  a  certain 
length  of  time,  known  as  the  half-life,  one 
half  of  the  atoms  of  the  element  form  new 
atoms.  The  half-life  of  uranium  238,  for 
example,  is  4.5  X  109  years;  it  is  a  very  long- 
lived  isotope.  Four  and  a  half  billion  years 
from  now,  half  of  the  uranium  238  now  on 
the  earth  will  have  decayed  to  thorium  234. 
Thorium  234,  on  the  other  hand,  has  a  half- 
life  of  about  24  days  ( Fig.  5-3 ).  Some  half- 
lives  are  extremely  short.  Polonium  214, 
one  of  the  elements  formed  by  the  decay  of 
uranium  238  into  lead,  has  a  half-life  of 
0.00016  seconds.  No  way  of  controlling  the 
half-life  of  a  radioisotope  has  been  found. 
Changes  in  temperature  or  chemical  com¬ 
position  have  no  effect  on  it. 

5-6  Radioisotopes  can  be  dangerous. 

The  rays  from  uranium,  radium,  and  other 
radioisotopes  can  be  very  dangerous.  They 
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75  g  of  other  nuclides 
formed  from  Th234. 


25  g  of  Th 
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Figure  5—3  The  decay  of  thorium  234.  The 
half-life  of  Th234  is  24  days.  If  you  had  1  00  g 
of  Th234  on  January  1,  you  would  have  50  g 
24  days  later  (January  25),  and  only  25  g 
after  24  more  days  (February  1  8). 


January  1 


January  25 


February  1  8 


can  kill  living  cells,  causing  bad  burns. 
They  can  destroy  the  proper  functioning  of 
cells  and  turn  them  into  cancer  cells.  They 
can  change  the  genes,  which  control  hered¬ 
ity.  The  descendants  of  a  person  who  is 
exposed  to  radiation,  therefore,  may  possess 
organic  defects.  These  facts  were  not 
known  to  the  early  investigators,  and  many 
of  them  died  of  cancer. 

Today  a  person  who  handles  radioactive 
substances  takes  many  precautions.  He 
does  not  pick  up  a  highly  active  sample  of 
uranium  or  radium  in  his  fingers  or  carry  it 
in  his  pocket.  He  stores  it  inside  a  metal 
container,  usually  lead,  that  will  absorb  the 
radiations.  He  handles  the  material  at  a 
distance  (Fig.  5-4).  He  uses  instruments 
that  tell  him  how  much  radioactivity  there  is 
in  a  sample,  so  that  he  will  know  what  pre¬ 
cautions  to  take.  One  of  these  instruments 
is  a  Geiger-Miiller  counter  (G-M  counter  or 
Geiger  counter).  Many  Civil  Defense  units 
have  small,  portable  counters  that  indicate 
on  a  dial  the  intensity  of  radioactivity. 

5-7  Radioisotopes  are  extremely  use¬ 
ful.  Although  radioactive  rays  can  cause 
cancer,  they  have  been  used  to  cure  it  too. 
If  the  rays  are  directed  on  a  cancer,  they 
will  kill  the  cells,  and  if  the  doctor  judges 
the  dose  exactly,  they  may  kill  all  of  the 
cancer  cells,  thus  curing  the  patient.  Even 
if  the  dose  is  not  quite  great  enough,  the 
size  of  the  cancer  will  be  reduced  and  the 
life  of  the  patient  prolonged.  Radium  is 
frequently  used  for  this.  Of  course  the 
doctor  must  also  be  careful  to  center  the 
rays  on  the  cancerous  tissues  so  that  they 
do  not  damage  healthy  cells. 


Uranium  238,  235,  and  234,  which  are  the 
naturally  occurring  forms,  decay  very 
slowly.  U238  decays  to  U234,  and  finally  to 
Pb206.  U235  decays  to  Pb207.  For  this  reason, 
a  rock  containing  uranium  also  contains 
these  lead  isotopes.  They  are  not  the  com¬ 
mon  lead  isotopes  (Pb208).  The  longer  the 
uranium  has  been  in  the  rocks,  the  higher  is 
the  percentage  of  these  special  isotopes  of 
lead  present.  After  determining  the  per¬ 
centage  of  each  isotope  in  a  rock  and  know¬ 
ing  their  half-lives,  a  scientist  can  calculate 
how  long  it  has  been  since  the  uranium  in 
the  rock  first  started  to  decay.  By  analyzing 
uranium  ores  in  rocks  and  meteorites,  scien¬ 
tists  have  found  that  the  oldest  are  about 
four  and  a  half  billion  years  old.  They 
conclude  that  the  earth  is  at  least  that  old. 

Another  radioactive  substance  has  made 
it  possible  to  date  the  remains  of  ancient 


Figure  5-4  Highly  radioactive  substances 
must  be  handled  by  mechanical  hands  such 
as  these.  The  window  is  three  feet  thick. 
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civilizations.  The  common  form  of  carbon 
is  C1 2 3 4 5 6 7 8 9 10 11 12 *,  a  stable  isotope.  However,  the  car¬ 
bon  dioxide  of  the  atmosphere  contains  a 
tiny  trace  of  a  radioisotope  of  carbon,  C14. 
When  plants  take  in  carbon  dioxide  to  make 
food,  a  small  fraction  of  it  is  radioactive 
C14.  Animals  eat  the  plants  and  get  their 
share  of  radioactive  carbon.  This  continues 
as  long  as  the  plants  and  animals  live. 
However,  as  soon  as  the  organism  dies,  no 
more  C14  is  absorbed.  C14  has  a  half-life  of 
5770  years.  A  scientist  can  take  a  charred 
bit  of  wood  from  the  fire  of  a  primitive  man, 
or  a  bit  of  bone,  or  a  fragment  from  a  roof 
beam  of  an  ancient  temple,  and  by  com¬ 
paring  the  percentage  of  C14  present  with 
the  percentage  of  C12,  he  can  determine 
when  the  tree  was  cut  or  when  the  animal 
died. 


Self  Check 


1 .  Who  discovered  radioactivity? 

2.  What  element  did  he  find  was  radioactive? 

3.  Name  the  two  people  who  soon  afterward 
discovered  two  more  radioactive  elements. 

4.  What  elements  did  they  discover? 

Answer  Questions  5-9  with  alpha,  beta,  or 

gamma. 

5.  Which  radiation  is  the  most  penetrating? 

6.  Which  radiation  is  composed  of  electrons? 

7.  Which  radiation  is  composed  of  helium 
nuclei? 

8.  Which  radiation (s)  can  be  made  to  travel 
in  a  curved  path  when  a  magnet  is  brought 
near? 

9.  Which  radiation (s)  come  from  the  nucleus 
of  an  atom? 

1 0.  92U235  decays  by  shooting  off  an  alpha  par¬ 
ticle.  Give  the  atomic  number  and  mass 
number  of  the  element  formed. 

1 1 .  88Ra228  decays  by  shooting  off  a  beta  par¬ 
ticle.  Give  the  atomic  number  and  mass 
number  of  the  element  formed. 

12.  What  happens  to  one  neutron  in  the  nu¬ 

cleus  of  an  element  that  shoots  off  a  beta 

particle? 


13.  What  symbol  is  used  for  an  electron  in 
nuclear  equations? 

14.  The  half-life  of  one  isotope  of  radium  is 
about  1600  years.  If  a  gram  of  radium 
were  sealed  up  in  a  container,  in  how 
many  years  would  it  be  reduced  to  0.25  g? 

1 5.  Describe  some  of  the  precautions  that  must 
be  taken  ih  handling  radioactive  sub¬ 
stances. 

16.  What  are  three  harmful  biological  results 
from  careless  handling  of  radioactive  sub¬ 
stances? 

17.  What  are  two  useful  results  that  can  be 
obtained  with  naturally  radioactive  sub¬ 
stances? 


Problems 


(Consult  the  table  of  elements  on  p.  94 
in  doing  these  problems.) 

1.  Protactinium  234  gives  off  an  elec¬ 
tron.  Then  the  next  element  in  the  series  gives 
off  an  alpha  particle,  and  the  next  one  after 
that  also  gives  off  an  alpha  particle,  becoming 
radium  226.  Write  the  nuclear  equations. 

2.  Radium  226  decays  to  lead  206  with 
the  following  particles  being  given  off  in  order: 
(a)  alpha;  (b)  alpha;  (c)  alpha;  (d)  beta; 
(e)  beta;  (f)  alpha;  (g)  beta;  (h)  beta; 
(i)  alpha.  Write  the  nuclear  equations. 

3.  C14  decays  by  giving  off  an  electron. 
What  nuclide  is  formed?  Is  this  the  common 
isotope  of  carbon? 

4.  Ba142  has  a  half-life  of  6  minutes.  If 
you  started  with  100  g,  how  much  would  be 
left  at  the  end  of  half  an  hour? 


Discussion  Questions 


1 .  Which  would  you  expect  to  be  more  radio¬ 
active,  a  gram  of  radioactive  substance  with 
a  short  half-life  or  a  gram  of  one  with  a  long 
half-life?  Why? 

2.  Some  elements  decay  by  giving  off  a  beta 
particle  from  the  nucleus.  How  does  this 
illustrate  the  law  of  conservation  of  charge? 
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5-8  The  new  rays  help  in  the  discovery 
of  nuclides.  After  the  discovery  of  radio¬ 
activity,  nuclei,  and  isotopes,  many  scien¬ 
tists  of  the  early  1900’s  were  as  excited  as  a 
man  who  loves  to  hunt  might  be  if  he  found 
himself  in  an  unexplored  wilderness  with 
all  of  the  newest  hunting  equipment.  The 
strange  animals  in  their  unexplored  wilder¬ 
ness  were  all  sorts  of  strange  nuclides.  For 
bullets  they  had  the  alpha,  beta,  and 
gamma  rays  from  radium  and  uranium. 
They  shot  them  into  the  nucleus  and  set 
loose  the  nuclides.  To  know  when  they  had 
bagged  their  game,  the  nuclidehunters  at 
first  used  electroscopes  and  zinc-sulfide 
screens  (see  Fig.  4-17  )  that  glowed  when 
the  particles  hit  them.  Then  other  devices 
were  invented:  G-M  counters,  cloud  cham¬ 
bers,  new  kinds  of  counters,  and,  most  re¬ 
cently,  bubble  chambers  and  spark  cham¬ 
bers. 

Alpha  particles  were  the  favorite  bullets. 
They  were  heavier  than  the  beta  particles 
and  more  effective  in  smashing  a  nucleus. 
Rutherford,  in  1919,  was  the  first  to  change 
a  nucleus.  He  shot  alpha  particles  at  nitro¬ 
gen  atoms  and  found  that  protons  (hydro¬ 
gen  nuclei)  were  produced.  To  find  out 
what  else  was  happening,  write  the  equa¬ 
tion: 

2He4  +  7N14  — >  zX‘4  +  1H1 

Since  a  proton  is  a  hydrogen  nucleus,  it  is 
written  as  1H1.  X  stands  for  the  unknown 
nuclide  with  atomic  number  Z  and  mass 
number  A.  Remembering  that  the  numbers 
must  balance  in  these  equations,  you  can 
figure  out  what  the  unknown  nuclide  must 
be.  Take  the  numbers  at  the  top  first: 

4  +  14  =  A  +  1 

The  mass  number  A  must  be  17  for  the 


equation  to  balance.  Now  consider  the 
lower  numbers: 

2  +  7  =  Z  +  1 

The  atomic  number  Z  must  be  8.  The  ele¬ 
ment  with  atomic  number  8  is  oxygen. 
Therefore  the  equation  is: 

2He4  -f-  7N14  — >  sO1'  "b  1H1 

This  is  not  the  usual  isotope  of  oxygen  but 
a  naturally  occurring  stable  isotope.  Some¬ 
times  this  equation  is  written: 

2He4  +  7N14  ->  (9F18)  ->  8017  +  , H 1 

This  shows  that  for  a  fraction  of  a  second 
the  alpha  particle  and  the  N14  combine  to 
make  a  fluorine  nucleus,  which  then  decays. 

The  energy  in  a  beam  of  gamma  rays  will 
also  break  up  a  nucleus. 

4Be9  +  T  — >  3Li8  +  jH1 

The  gamma  ray  has  neither  charge  nor 
mass,  so  no  numbers  are  used  with  it. 

5-9  Chadwick  discovers  the  neutron. 

Several  scientists  obtained  an  interesting 
result  when  they  bombarded  beryllium 
with  alpha  particles.  Very  penetrating  rays 
were  produced.  They  were  not  affected  by 
a  magnet  so  they  could  not  be  charged 
particles.  At  first  it  was  thought  they 
might  be  gamma  rays.  Then  Irene  Curie  ( a 
daughter  of  Marie  and  Pierre),  and  her 
husband,  F.  Joliot,  directed  the  rays  at  a 
block  of  paraffin,  a  compound  containing 
hydrogen.  Protons  ( hydrogen  nuclei )  were 
knocked  out  of  the  paraffin. 

Here  the  laws  of  conservation  of  energy 
and  momentum  had  to  be  considered. 
The  protons  coming  from  the  paraffin  had 
so  much  energy  and  momentum  that  what¬ 
ever  was  hitting  them  could  not  possibly  be 
gamma  rays.  J.  Chadwick,  an  English  scien¬ 
tist,  read  about  the  experiment  of  the  Joliot- 
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Curies.  He  investigated  further  and  an¬ 
nounced  in  1932  that  the  energy  and 
momentum  problems  would  be  solved  cor¬ 
rectly  if  the  rays  from  beryllium  consisted 
of  neutral  particles  weighing  about  the 
same  as  protons.  Thus  the  neutron  was 
discovered.  The  Nobel  Prize  in  Physics  was 
awarded  to  Chadwick  in  1935  for  this  dis¬ 
covery.  What  happens  when  beryllium  is 
bombarded  by  an  alpha  particle  is  this: 

•iBe'1  -(-  2b®4  — *  6^-1-  T  onl 

The  symbol  for  the  neutron  is  0n!  to  show 
that  it  has  no  charge  and  a  mass  of  1. 

This  mysterious  particle  cannot  be  de¬ 
tected  in  the  usual  way.  It  leaves  no  tracks 
in  a  cloud  chamber  because  it  passes 
through  atoms  easily,  producing  very  few 
ions.  It  does  not  make  a  zinc-sulfide  screen 


Figure  5-5  Very  energetic  protons,  mesons, 
and  neutrons  entered  this  cloud  chamber  at 
the  top.  The  neutrons  made  no  tracks  because 
they  have  no  charge.  The  three-pronged  track 
at  the  right  was  formed  when  a  neutron  struck 
a  hydrogen  atom.  From  the  curvature  of  the 
three  tracks  in  the  magnetic  field  it  is  possible 
to  conclude  that  the  track  straight  down  was 
formed  by  a  proton  and  the  others  were 
formed  by  pi  mesons. 


glow.  It  does  not  set  off  a  G-M  counter. 
But  if  it  hits  a  nucleus  directly,  it  can  cause 
the  nucleus  to  release  charged  particles 
that  will  leave  tracks  in  a  cloud  chamber 
(  Fig.  5-5  ).  Furthermore,  a  neutron  is  more 
likely  to  hit  a  nucleus  than  is  a  charged 
1  article  of  the  same  energy,  which  may  be 
deflected  by  the  planetary  electrons  if  it  is 
negative  and  by  the  nucleus  if  it  is  positive. 

5-10  The  Joliot-Curies  make  an  arti¬ 
ficially  radioactive  isotope.  Irene  Curie 
and  F.  Joliot  soon  discovered  that  when 
aluminum  is  bombarded  with  alpha  parti¬ 
cles,  it  behaves  like  beryllium,  giving  off 
neutrons.  The  equation  is: 

13AP7  +  2b®4  ~ ■ >  15P'30  +  onl 

With  both  beryllium  and  aluminum,  neu¬ 
trons  were  given  off  only  as  long  as  the 
alpha  particles  kept  coming.  When  the 
source  of  alpha  particles  was  taken  away, 
the  neutrons  stopped  appearing.  Since  neu¬ 
trons  had  already  been  discovered,  the  fact 
that  they  could  also  be  obtained  from  alu¬ 
minum  was  interesting,  but  not  exciting. 

But  now  the  Joliot-Curies  made  a  dis¬ 
covery  that  was  exciting.  After  they  took 
the  source  of  the  alpha  particles  away, 
they  tested  the  aluminum  with  a  G-M 
counter.  It  recorded  a  count.  Two  and  a 
half  minutes  later,  the  count  was  half  as 
great.  In  another  two  and  a  half  minutes, 
the  count  was  again  one  half  as  great.  The 
fact  that  the  G-M  counter  reacted  showed 
that  a  radioactive  element  was  present.  Up 
until  now,  the  only  radioactive  elements 
known  were  the  heavy  ones  like  radium 
and  uranium.  When  the  scientists  bom¬ 
barded  aluminum  with  alpha  particles,  they 
had  caused  a  change  that  produced  a  new 
radioactive  element,  a  lightweight  one,  with 
a  half-life  of  2.5  minutes.  This  was  the  first 
man-made  radioactive  isotope. 

The  new  radioactive  substance  that  they 
had  created  was  phosphorus  30.  This  de- 
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cays  by  emitting  a  positron,  which  is  formed 
by  a  proton  changing  into  a  neutron  and  a 
positron. 

p30  .  c;30  i  0 

15'  >  1 4^'  i  +ie 

The  positron  (see  Table  4-3,  p.  100)  has 
the  same  mass  as  the  electron,  but  a  posi¬ 
tive  charge,  as  shown  by  the  sign  at  the 
bottom. 

The  Joliot-Curies  received  the  Nobel 
Prize  in  Chemistry  in  1935  for  being  the  first 
to  make  an  artificially  radioactive  isotope. 

5-1 1  The  great  nuclide  hunt  continues. 

The  end  is  not  in  sight  and  may  never  be. 
After  having  used  rays  from  radium,  ura¬ 
nium,  and  other  radioactive  elements,  scien¬ 
tists  began  to  invent  particle  accelerators  to 
make  alpha  particles,  protons,  and  electrons 
go  faster  and  faster  before  being  used  as 
bullets  to  break  up  the  nucleus.  They  found 
that  when  they  smashed  some  nuclei  with 
these  fast  particles,  they  got  streams  of  neu¬ 
trons.  They  used  the  neutrons  to  smash 
other  nuclei.  Accelerated  deuterons  ( H2 
nuclei)  and  tritons  (H3  nuclei)  are  also 
used  as  bullets.  Every  year  the  list  of  new 
nuclides,  usually  radioactive  ones,  grows. 

Why  do  the  scientists  continue  the  nu¬ 
clide  hunt?  There  are  two  main  reasons. 
First,  each  of  these  new  discoveries  adds  to 
man’s  understanding  of  the  nature  of  the 
universe.  Every  time  a  nucleus  is  broken 
up  in  a  new  way,  the  scientist  learns  a  little 
bit  more  about  what  a  nucleus  really  is. 
The  second  reason  is  that  many  radioiso¬ 
topes  have  turned  out  to  be  useful  in  in¬ 
dustry,  medicine,  and  other  fields. 

5-12  Artificially  radioactive  isotopes 
treat  disease.  The  thyroid  gland  in  the 
neck  uses  iodine  to  manufacture  a  hormone 
that  helps  oxidize  food.  If  a  person  has  a 
cancer  in  this  gland,  one  method  of  treat¬ 
ment  is  to  have  him  drink  a  carefully  meas¬ 
ured  dose  of  a  radioactive  iodine  com¬ 
pound.  The  iodine  is  carried  by  the  blood 


to  the  thyroid  gland  where  it  is  captured. 
The  cancer  is  thus  exposed  to  the  rays  from 
the  radioactive  iodine.  The  isotope  has  a 
short  half-life  (about  8  days),  so  if  the  dose 
is  small,  the  radioactivity  will  die  out  be¬ 
fore  any  damage  to  the  person  can  be  done. 

A  few  years  ago  an  eight-year  old  girl 
began  to  have  spells  in  which  she  sat  and 
stared  blankly,  or  acted  strangely.  The 
doctors  thought  she  might  have  a  brain 
tumor,  but  were  not  sure.  Inside  the  bony 
skull,  it  is  hard  to  locate  such  a  growth. 
What  could  they  do?  They  knew  that  brain 
tumors  absorb  arsenic.  They  knew  also  that 
there  was  a  radioisotope  of  arsenic  with  a 
short  half-life.  They  injected  a  tiny  amount 
of  this  isotope  into  a  vein  and  tracked  down 
its  location  with  radiation  detectors.  Back 
and  forth  moved  the  counters  over  the 
child’s  head.  In  a  short  time  the  doctors 
knew  that  the  patient  had  a  tumor  and  they 
knew  just  where  it  was.  They  operated  and 
removed  it.  The  little  girl  recovered  com¬ 
pletely. 

Sometimes  a  patient  with  cancer  is  put 
in  the  path  of  the  beam  of  particles  from 
one  of  the  big  accelerators.  The  beams  acts 
like  the  rays  from  radium  to  destroy  the 
cancer. 

5-13  Radioisotopes  have  many  other 
uses.  Zinc  is  one  of  the  elements  required 
by  plants.  To  find  out  just  what  part  of  a 
plant  uses  zinc,  an  agricultural  scientist 
puts  a  compound  containing  a  radioisotope 
of  zinc  in  the  water  given  to  the  plant. 
Then  he  places  the  various  parts  of  the 
plant  on  a  photographic  film.  The  radio¬ 
active  zinc  takes  its  own  picture.  The  use 
of  radioisotopes  in  this  kind  of  research  has 
added  considerably  to  the  knowledge  of 
how  living  things  grow. 

Kerosene,  aviation  gasoline,  ordinary 
gasoline,  and  other  oils  are  shipped  in  pipe 
lines  thousands  of  miles  long.  Suppose  that 
a  shipment  of  aviation  gasoline  is  being 
followed  in  the  line  by  a  shipment  of  kero- 
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sene.  At  the  right  time  it  is  important  to 
switch  the  flow  of  liquid  from  the  gasoline 
to  the  kerosene  storage  tanks.  How  can  the 
men  at  the  receiving  end  of  the  line  know 
when  to  do  this?  At  the  starting  end,  a 
small  amount  of  a  radioactive  compound  is 
put  in  the  line  between  the  shipments.  At 
the  receiving  end,  a  G-M  counter  placed 
some  distance  before  the  switching  valves 
indicates  just  when  the  radioactive  com¬ 
pound  passes  by.  Almost  immediately  the 
switch  is  made,  because  there  must  be  no 
kerosene  in  the  aviation  gasoline.  A  little 
gasoline  in  the  kerosene  will  do  no  harm, 
however.  The  isotope  used  has  a  short  half- 
life  and  is  practically  all  gone  by  the  time 
the  kerosene  is  sold. 

These  are  only  a  few  examples  of  the 
many  uses  of  radioisotopes.  If  you  read 
the  science  articles  in  the  daily  newspapers 
or  science  magazines,  you  will  discover 
many  more. 


Self  Check 


1 .  What  were  the  three  “bullets”  originally 
used  to  break  up  the  nuclei  of  atoms? 

2.  Name  three  ways  in  which  particles  pro¬ 
duced  by  a  breaking  nucleus  can  be  identi¬ 
fied. 

3.  What  is  the  symbol  for  a  proton  in  a  nu¬ 
clear  equation? 

4.  What  two  conservation  laws  helped  in  the 
discovery  of  the  neutron? 

5.  Who  discovered  the  neutron? 

6.  What  is  the  symbol  for  a  neutron  in  a 
nuclear  equation? 

7.  How  is  a  neutron  detected? 

8.  What  is  meant  by  an  artificially  radioactive 
isotope? 

9.  What  is  the  symbol  for  a  positron  in  a  nu¬ 
clear  equation? 

10.  Why  do  scientists  continue  to  search  for 
new  nuclides? 

1 1 .  Give  one  example  of  a  medical  use  of 

radioisotopes  or  accelerated  particles. 


12.  Give  one  example  of  a  nonmedical  use  of 
radioisotopes. 


Problems 


In  the  problems  that  follow,  find  the 
nuclide  formed.  Consult  the  table  of  elements 
on  pp.  94-95  for  atomic  numbers. 

1 .  S32  bombarded  with  alpha  particles 
emits  a  proton. 

2.  B1 2 3 4 5 6 7 8 9 10 11  bombarded  with  protons  emits 
an  alpha  particle. 

3.  C12  bombarded  with  gamma  rays 
emits  an  alpha  particle. 

4.  Be9  bombarded  with  protons  emits  a 
deuteron. 

5.  Ag107  absorbs  a  neutron  and  then 
emits  an  electron. 

6.  Li6  bombarded  with  deuterons  emits 
an  alpha  particle. 

7.  Li6  bombarded  with  neutrons  emits 
an  alpha  particle. 

8.  Al26  is  radioactive  and  decays,  emit¬ 
ting  a  positron. 

9.  C12  bombarded  with  a  proton  gives  off 
a  gamma  ray. 

1 0.  Nuclear  physicists  have  a  short¬ 
hand  way  of  writing  nuclear  equations. 
Be9 (a,  n)C12  means  that  a  beryllium  9  nucleus 
bombarded  by  an  alpha  particle  emitted  a 
neutron  and  was  converted  into  a  carbon  12 
nucleus.  This  is  the  equation  that  is  written  in 
the  long  form  on  p.  116.  Rewrite  the  equations 
of  Problems  1-9  in  shorthand  form,  using  a 
(alpha),  y  (gamma),  p  (proton),  d  (deu¬ 
teron),  n  (neutron),  f3  (electron),  and  fS  + 
( positron ) . 


Discussion  Questions 


1 .  When  a  neutron  is  converted  into  a  proton 
plus  an  electron,  does  the  process  take  in 
energy  or  give  it  off?  Consult  Table  4-4. 

2.  Does  the  conversion  of  a  proton  into  a  neu¬ 
tron  plus  a  positron  take  in  energy  or  give 
it  off? 
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At  the  meeting  of  the  American  Associa¬ 
tion  for  the  Advancement  of  Science  in  De¬ 
cember,  1931,  there  was  considerable  ex¬ 
citement.  Present  were  two  giants  of 
American  physics,  Robert  A.  Millikan  and 
Arthur  II.  Compton.  They  were  the  only 
living  Nobel  Prize  winners  in  physics  in  the 
United  States.  Millikan  had  been  the  first 
to  measure  accurately  the  charge  of  an  elec¬ 
tron.  Compton  had  made  the  amazing  dis¬ 
covery  that  x-rays  can  make  electrons  re¬ 
bound  when  they  hit  them,  just  as  if  they 
were  being  hit  by  a  stream  of  particles. 

These  two  men  had  been  studying  the 
mysterious  rays  called  cosmic  rays,  and  they 
had  come  up  with  different  conclusions. 
Millikan  said  they  were  probably  some¬ 
thing  like  gamma  rays  and  x-rays,  but  with 
even  shorter  wave  lengths.  Compton  said 
they  were  particles. 

5-14  Electroscopes  seemed  to  be  mal¬ 
functioning.  Cosmic  rays  were  discovered 
because  nuclear  scientists  were  having 
trouble  with  their  electroscopes.  After  they 
had  charged  them  and  the  leaves  were 
nicely  deflected,  they  slowly  lost  their 
charge.  What  was  the  trouble?  If  the 
leaves  went  down  suddenly,  a  scientist 
would  assume  that  he  had  accidentally 
brushed  against  the  knob,  for  the  human 
body  is  a  good  conductor  and  removes  extra 
electrons  from  a  negative  electroscope  and 
conducts  electrons  to  a  positive  electro¬ 
scope.  If  it  was  a  damp  day,  the  scientist 
expected  the  electroscope  to  lose  its  charge 
to  the  many  ionized  water  vapor  molecules 
in  the  air.  But  even  on  dry  days  the  leaves 
slowly  dropped. 

The  electroscopes  were  being  used  to 
compare  the  activities  of  various  radio¬ 


active  materials.  Rays  from  these  sub¬ 
stances  ionize  air  molecules  by  knocking 
off  some  of  the  outer  electrons.  Therefore 
if  a  radioisotope  is  brought  near  a  charged 
electroscope,  the  leaves  drop  as  the  ions 
neutralize  the  charge.  The  rate  at  which  a 
charged  electroscope  leaf  moved  was  meas¬ 
ured,  using  radium  as  a  standard. 

What  the  scientists  noticed  was  that  even 
when  they  had  removed  every  radioactive 
sample  from  their  laboratories,  and  when 
the  air  was  dry,  the  electroscope  leaves 
still  went  down.  Perhaps  radioactive  ores  in 
the  ground  were  causing  the  trouble.  They 
built  special  nonradioactive  walls  all  around 
the  electroscopes  to  shield  them  from 
above,  below,  and  the  sides.  Still  the  leaves 
went  down. 

The  walls  they  had  built  were  thick 
enough  to  stop  the  rays  from  all  radioactive 
substances  they  knew  about,  so  these  mys¬ 
terious  rays  were  more  penetrating  than 
any  before  studied.  Were  they  coming 
from  the  interior  of  the  earth  or  from 
above? 

5-15  Electroscopes  go  down  under 
water  and  up  in  balloons.  The  next  step 
was  to  sink  electroscopes  under  water.  The 
speed  of  the  discharge  slowed  down.  It 
looked  as  if  the  rays  came  from  above.  Was 
it  possible  that  the  air  itself  was  radioactive, 
or  was  the  source  at  the  surface  of  the 
earth? 

Up  the  Eiffel  Tower  went  a  man  with  an 
electroscope.  Up  in  balloons  went  others 
(Fig.  5-6).  Millikan  and  some  of  his  as¬ 
sociates  invented  a  self-recording  electro¬ 
scope  and  attached  it  to  a  pair  of  balloons 
that  went  higher  than  manned  balloons. 
When  one  of  the  balloons  burst,  the  other 


Fig  ure  5-6  The  search  for  the  source  of  cosmic  rays. 


In  laboratories  mys¬ 
terious  rays  caused 
electroscopes  to  dis¬ 
charge  slowly. 


Far  under  water  the 
electroscopes  held 
their  charge  for  a 
longer  period  of 
time.  The  mysterious 
rays  must  come  from 
above.  Did  they 
come  from  the  sur¬ 
face  of  the  earth, 
from  the  air,  or  from 
above  the  air? 


At  the  top  of  the 
Eiffel  Tower,  the 
charge  was  lost 
faster.  The  rays 
could  not  be  coming 
from  the  surface  of 
the  earth. 


As  balloons  rose 
into  thinner  and 
thinner  air,  the  elec¬ 
troscopes  discharg¬ 
ed  faster  and  faster. 
The  rays  must  come 
from  very  high  up. 


Later  balloons  were  sent  even  higher  and  it  was  found  that  the  rate  of  discharge  got  greater  and  greater  until  it 
reached  a  maximum,  and  then  got  less.  The  place  where  it  is  the  greatest  is  the  region  in  which  the  primary  cosmic 
rays  are  colliding  with  air  molecules  and  creating  the  secondary  cosmic  rays.  Above  this  place  the  air  is  so  thin 
that  the  primary  rays  from  outer  space  do  not  collide  with  many  molecules,  so  very  few  ions  are  formed. 


would  let  the  electroscope  gently  down. 
The  higher  the  electroscopes  went,  the 
more  rapidly  the  leaves  collapsed.  What¬ 
ever  this  mysterious  something  was,  it  be¬ 
came  stronger  higher  up.  Accordingly,  it 
could  not  be  coming  from  the  surface  of 
the  earth.  It  was  also  unlikely  that  the  air 
was  radioactive,  because  the  effect  was 
stronger  where  the  air  was  thinner.  The 
scientists  concluded  that  the  rays  were 
coming  from  space.  Millikan  called  them 
cosmic  rays.  Since  gamma  rays  from  radio¬ 
active  substances  are  more  penetrating 
than  alpha  and  beta  rays,  Millikan  and 
most  physicists  believed  that  these  rays 
were  probably  gamma  rays  or  something 
very  like  them. 

5-16  Electroscopes  go  north  and  south. 

Millikan  believed  the  cosmic  rays  were  like 


gamma  rays  for  another  reason.  He  knew 
that  the  earth  has  a  magnetic  pole  in  the 
Arctic  region.  You  will  remember  that  the 
path  of  a  charged  particle  is  curved  when  a 
magnet  is  near  (see  p.  111).  Therefore  the 
earth-magnet  should  influence  the  path  of 
charged  particles,  but  not  the  path  of  the 
gamma  rays.  Millikan  concluded  that  if  the 
cosmic  rays  were  made  of  charged  particles, 
more  of  them  would  reach  the  earth  near 
the  poles  and  fewer  near  the  equator.  He 
tested  the  cosmic  ray  activity  in  various 
places  between  latitudes  41°N  and  69°N, 
and  found  very  little  variation.  This  is  why 
he  felt  quite  sure  the  cosmic  rays  were  simi¬ 
lar  to  gamma  rays. 

Then  in  1930  Compton  started  an  investi¬ 
gation  that  covered  many  more  locations 
over  the  earth.  He  found  that  there  was  a 
decrease  in  intensity  near  the  equator  and 
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that  this  decrease  began  at  about  40°  lati¬ 
tude,  where  Millikan’s  study  had  stopped. 
Therefore  Compton  said  that  the  cosmic 
rays  must  be  charged  particles. 

This  was  the  situation  in  1931  when  the 
American  Association  for  the  Advancement 
of  Science  met  to  discuss  cosmic  rays.  Was 
there  an  angry  argument  between  Millikan 
and  Compton?  Not  at  all.  Instead,  as  a 
result  of  Compton’s  reports,  Millikan  and 
his  workers  became  very  busy  collecting 
more  information  and  soon  were  able  to 
show  not  only  that  Compton  was  right, 
but  that  the  latitude  effect,  as  it  was  called, 
was  even  more  noticeable  when  the  obser¬ 
vations  were  made  from  balloons. 

The  story  of  Millikan  and  Compton  il¬ 
lustrates  the  cooperation  that  often  exists 
between  scientists.  It  is  important  for  a 
scientist  to  be  willing  to  change  his  mind 
when  new  evidence  comes  in,  and  not  to  be 
jealous  of  the  man  who  finds  the  new  evi¬ 
dence. 

5-17  Primary  cosmic  rays  come  from 
outer  space.  Photographic  plates  have 
been  sent  up  many  miles,  and  then  recov¬ 
ered  and  developed.  In  them  the  cosmic 
rays  left  their  own  records.  Figure  5-7  is 
such  a  photographic  record.  A  heavy  nu¬ 
cleus  from  outer  space  struck  a  stack  of 
photographic  emulsions  and  plowed  through 
them,  coming  to  rest  at  the  right.  The  man 
who  sent  the  film  up,  developed  it,  and 
pieced  it  together  wrote: 


The  last  grain  at  the  rest  point  of  a  heavy 
primary  cosmic  particle  is  a  thing  to  marvel 
at.  Embedded  within  the  grain  of  silver  in 
the  emulsion  is  an  atom  with  a  history  unlike 
that  of  its  neighbors.  It  is  an  atom  which 
may  have  been  blown  out  of  a  star  in  our 
galaxy  millions  of  years  ago.  ...  For  millions 
of  years  it  escaped  collision  with  cosmic 
dust.  Finally  it  plowed  into  the  earth’s  at¬ 
mosphere,  and  in  a  single  moment  lost  its 
store  of  energy  accumulated  since  birth.  ° 

Most  of  the  particles  reaching  the  earth  are 
protons,  a  few  are  helium  nuclei,  and  fewer 
still  are  nuclei  heavier  than  helium.  The 
charged  particles  from  outer  space  are 
called  primary  cosmic  rays.  They  have 
very  great  energies. 

No  one  knows  for  sure  where  the  cosmic 
particles  originate.  They  come  from  all 
directions  in  the  universe.  When  there  is  a 
great  flare-up  on  our  sun,  there  is  an  in¬ 
crease  in  cosmic  rays,  showing  that  many 
particles  come  from  the  sun.  Perhaps  every 
star  in  the  universe  is  sending  out  these 
particles. 

5-18  Primary  cosmic  rays  produce  sec¬ 
ondary  cosmic  rays.  As  cosmic-ray  parti¬ 
cles  come  in  from  outer  space,  they  travel 
at  tremendous  speeds,  greater  than  the 
speed  of  a  particle  from  the  best  man-made 
accelerator.  High  in  the  atmosphere  they 

°  Herman  Yagoda,  Scientific  American,  May, 
1956. 


Figure  5-7  An  iron  nucleus  in  primary  cosmic  radiation  entered  the  photographic  emulsion 
from  the  left  and  finally  came  to  rest  at  the  right. 


Figure  5—8  An  iron  nucleus  of  primary  cosmic 
radiation  smashed  into  a  nucleus  of  the  photo¬ 
graphic  emulsion  and  produced  this  “star”  of 
nuclear  fragments. 

collide  with  air  molecules.  When  a  particle 
hits  a  nucleus,  it  smashes  it  to  bits  (Fig. 
5-8).  In  such  a  photograph  as  this,  the 
tracks  of  various  mesons  and  strange  parti¬ 
cles  have  been  discovered.  Not  only  does 
the  nucleus  break  up  into  pieces,  but  some 
of  its  mass  is  converted  into  the  energy  of 
gamma  radiation. 

By  the  time  the  primary  rays  have  trav¬ 
eled  a  few  miles  into  our  upper  atmosphere, 


nearly  all  of  them  have  disappeared  due  to 
the  many  collisions  they  undergo;  in  their 
place  is  a  multitude  of  particles  and  gamma 
rays  resulting  from  these  collisions.  The 
new  particles  and  gamma  rays  are  called 
secondary  cosmic  rays.  They  are  the  ones 
that  reach  the  electroscopes,  cloud  cham¬ 
bers,  and  counters  in  the  laboratories,  and 
cause  the  effects  that  started  the  search  for 
cosmic  rays. 

A  Geiger-Miiller  counter  will  always  re- 
j  cord  a  few  particles,  even  when  it  is  not  in 
the  presence  of  a  radioactive  sample.  This 
is  due  to  secondary  cosmic  rays,  and  is 
called  the  background  count 


Self  Check 


1 .  What  original  observation  led  finally  to  the 
discovery  of  cosmic  rays? 

2.  How  did  scientists  discover  that  cosmic  rays 
come  from  outside  the  earth? 

3.  Why  did  they  conclude  that  primary  cosmic 
rays  were  charged  particles? 

4.  What  kind  of  charged  particle  is  most  com¬ 
mon  in  primary  cosmic  rays?  What  kind  is 
the  next  most  common? 

5.  What  is  an  unsolved  problem  about  cosmic 
rays? 

6.  What  are  secondary  cosmic  rays? 

7.  What  is  meant  by  background  count? 


Nuclear  Energy  from  Fission 


5-19  Hahn  and  Strassmann  discover 
nuclear  fission.  The  chemists  Halm  and 
Strassmann  hardly  dared  to  believe  what 
they  had  found.  Could  this  be  barium? 
They  had  bombarded  uranium  with  neu¬ 
trons  from  artificially  radioactive  isotopes. 
The  uranium  nuclei  absorbed  neutrons  and 
then  exploded,  forming  other  elements. 
One  of  the  new  substances  seemed  to  be 
radium,  but  when  they  analyzed  it  care¬ 
fully,  they  found  it  to  be  barium.  “As 


chemists,”  they  wrote  in  1939,  “we  must  say 
that  the  product  is  barium,  not  radium,  but 
as  nuclear  chemists  —  we  cannot  bring  our¬ 
selves  to  make  this  leap  in  contradiction  to 
all  previous  lessons  of  nuclear  physics.  Per¬ 
haps,  after  all,  our  results  have  been  ren¬ 
dered  deceptive  by  a  series  of  strange  acci¬ 
dents.”* 

°  Gordon  Ferrie  Hull,  Elementary  Modern  Phys¬ 
ics,  The  Macmillan  Co.,  1949,  p.  398. 
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Why  should  these  men  be  surprised  to 
find  barium  coming  from  uranium?  The 
atomic  number  of  barium  is  56.  Uranium 
is  number  92.  All  nuclear  changes  up  until 
then  had  involved  adding  or  subtracting 
one  or  two  atomic  numbers.  Here  was  a 
change  of  36. 

Lise  Meitner  had  worked  with  these  men 
in  Germany.  But  she  was  partly  Jewish 
and  so  was  not  wanted  in  Hitler’s  Reich. 
Carrying  with  her  the  knowledge  of  the 
work  in  Berlin,  she  went  to  Denmark  and 
discussed  it  with  Otto  Frisch,  another  refu¬ 
gee  from  Hitler.  Together  they  puzzled  out 
what  was  happening  to  uranium. 

They  started  out  by  agreeing  that  barium 
was  coming  out  of  the  uranium.  The  differ¬ 
ence  of  36  in  the  atomic  numbers  corre¬ 
sponds  to  that  of  krypton.  Now  if  you  look 
at  the  graph  of  binding  energies  on  p.  103 
(Fig.  4-22),  you  will  see  that  barium  and 
krypton  are  higher  on  the  curve  than  ura¬ 
nium.  An  element  high  on  the  curve  has  a 
smaller  mass  per  nucleon  than  one  low  on 
the  curve.  Therefore  Meitner  and  Frisch 
concluded  that  a  large  amount  of  energy 
should  be  released  when  an  atom  of  ura¬ 
nium  is  split  into  two  middle-sized  atoms. 
They  repeated  the  experiment,  this  time 
measuring  the  energies  of  the  particles,  and 
found  that  they  were  large.  ( They  did  this 
on  a  small  scale,  so  there  was  no  loud  ex¬ 
plosion,  just  some  particles  that  ionized 
more  air  than  less  energetic  ones  could  pos¬ 
sibly  do.) 

Try  some  more  arithmetic,  using  the 
common  isotopes  of  uranium,  barium,  and 
krypton: 


1  i238 
92U 

Rrl138 

56Ba 

84 

36™ 

Mass  number 

238 

138 

84 

Protons  in  nucleus 

92 

56 

36 

Neutrons  in  nucleus 

146 

82 

48 

Barium  138  and  krypton  84  together  have 
82  +  48  or  130  neutrons.  U238  has  146,  16 
more.  Frisch  and  Meitner  did  not  know 


what  isotope  of  uranium  had  split  or  what 
isotopes  of  krypton  and  barium  were 
formed,  but  from  calculations  like  this  they 
felt  quite  sure  that  when  an  atom  of  ura¬ 
nium  was  split  by  a  neutron,  the  products 
should  be  two  middleweight  atoms,  energy, 
and  more  neutrons.  Here,  for  the  first  time 
in  the  great  nuclide  hunt,  a  bullet  (the 
original  neutron)  caused  a  reaction  that 
produced  more  bullets. 

Meitner  and  Frisch  named  the  splitting 
of  the  uranium  nucleus  fission  and  cabled 
the  exciting  news  to  Niels  Bohr  (Frisch’s 
father-in-law  and  at  the  time  the  world’s 
greatest  atomic  physicist)  who  was  visiting 
Einstein  at  Princeton.  Bohr  announced  it  at 
a  meeting  of  physicists  in  Washington,  D.C., 
in  January,  1939.  When  other  scientists 
checked  the  results,  they  found  that  the 
uranium  nucleus  really  had  been  split,  and 
that  enormous  energy  and  more  neutrons 
were  produced.  The  16  extra  neutrons  that 
show  up  in  the  arithmetic  above  are  really 
more  than  actually  occur.  The  isotopes 
formed  have  more  neutrons  than  the  most 
common  kinds.  On  the  average,  two  to 
three  neutrons  are  released  when  one  ura¬ 
nium  nucleus  splits  (Fig.  5-9). 

The  products  of  uranium  fission  are  not 
always  barium  and  krypton.  Sometimes 
they  are  strontium,  atomic  number  38,  and 

Figure  5-9  A  neutron  strikes  an  atom  of 

uranium  235  and  causes  it  to  split. 


•  =  neutron 


Ba 


Figure  5-10  The  chain  reaction:  A  neu¬ 
tron  hits  a  uranium  atom.  Suppose  two 
neutrons  are  emitted  when  the  atom  splits. 
Each  of  these  causes  the  splitting  of 
another  uranium  atom.  This  continues 
until  many  atoms  have  split.  In  a  nuclear 
bomb  the  whole  process,  involving  the 
splitting  of  millions  of  atoms,  occurs  in  a 
tiny  fraction  of  a  second. 


xenon,  atomic  number  54.  There  are  other 
pairs  as  well.  In  each  case  the  two  atomic 
numbers  add  up  to  92;  also  in  each  case 
neutrons  are  released. 

5-20  Chain  reactions  can  be  con¬ 
trolled.  The  discovery  of  nuclear  fission 
was  very  exciting  to  scientists  because: 

1.  More  energy  is  released  by  fission  than 
by  ordinary  radioactivity. 

2.  The  fission  of  an  atom  is  caused  by  one 
neutron.  When  the  atom  explodes, 
it  produces  one  to  three  neutrons.  If 
these  can  be  used  to  explode  more 


atoms,  the  reaction,  once  started,  will 
continue  until  all  the  atoms  are  used 
up.  This  is  called  a  chain  reaction 

(Fig.  5-10). 

If  a  chain  reaction  builds  up  rapidly, 
there  is  a  sudden  great  release  of  energy. 
This  is  what  happens  in  a  fission  bomb. 

For  a  nuclear  reaction  to  be  useful  for 
anything  but  destruction,  however,  it  is 
necessary  to  control  the  chain  reaction.  The 
apparatus  in  which  a  controlled  fission 
takes  place  is  called  a  nuclear  reactor,  or 
nuclear  pile.  The  reactor  contains  the  ura¬ 
nium  or  other  nuclear  fuel,  sealed  in  metal 


Figure  5-1 T  A  nuclear  reactor  is  regulated  by  control  rods  which  capture  neutrons.  The 
reaction  can  be  slowed  down  by  pushing  in  the  rods  and  speeded  up  by  pulling  them  out. 
Rods  are  made  of  cadmium,  boron  carbide,  or  hafnium.  The  whole  pile  is  shielded  by 
thick  walls  of  concrete. 


( Redrawn  from  p.  58,  Scientific  American,  October,  1955,  with  permission  of  the  publishers  and  by  Oak  Ridge 
National  Laboratory,  operated  by  Union  Carbide  Corporation  for  the  Atomic  Energy  Commission.) 
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nuclear 

containers.  Between  these  containers  are 
control  rods  made  of  a  substance  that  ab¬ 
sorbs  neutrons  (Fig.  5-11).  The  rods  can 
be  pushed  in  or  pulled  out.  When  they  are 
all  the  way  in,  they  capture  neutrons  about 
as  fast  as  they  are  produced.  As  a  result, 
when  atoms  of  uranium  split  and  produce 
neutrons,  almost  none  of  the  neutrons  are 
able  to  reach  another  uranium  atom.  The 
reaction  soon  dies  out. 

Now  if  the  rods  are  pulled  out,  more  and 
more  of  the  neutrons  reach  other  uranium 
atoms,  and  a  chain  reaction  starts  and 
grows,  producing  heat  which  can  be  used 
to  run  steam  turbines  on  ships,  electric 
power  plants,  or  other  large  machinery.  If 
the  rods  are  left  pulled  out,  the  chain  re¬ 
action  keeps  on  growing,  with  the  reactor 
getting  hotter  and  hotter  and  hotter.  To 
prevent  this,  when  the  reactor  has  warmed 
up  to  the  desired  temperature,  the  rods  are 
pushed  in  slightly.  The  purpose  is  to  adjust 
the  reaction  so  that,  on  the  average,  exactly 
one  neutron  per  fission  will  reach  another 
uranium  atom  and  cause  it  to  split.  From 
then  on,  the  reactor  produces  heat  at  a 
steady  rate  and  will  neither  overheat  nor 
cool  down. 

It  was  soon  discovered  that  the  uranium 
which  was  being  split  by  neutrons  was 
U23a.  This  was  unfortunate  from  the  point 
of  view  of  cost  because  in  natural  uranium 
there  is  almost  140  times  as  much  U238  as 
U235.  Separation  of  these  isotopes  was  one 
of  the  big  problems  of  the  early  develop¬ 
ment  of  nuclear  energy.  They  cannot  be 
separated  by  chemical  methods  because 
they  are  chemically  alike.  All  the  methods 
used  to  separate  the  two  isotopes  depend 
on  the  small  difference  in  their  mass.  One 
way  is  to  prepare  compounds  of  uranium 
that  are  gases  and  pass  them  through 
porous  barriers.  The  molecules  containing 
U235,  being  slightly  lighter,  move  more 
rapidly  and  get  through  faster.  Therefore 
the  gas  that  comes  through  first  is  slightly 
richer  in  U235  than  before.  This  is  repeated 
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^  *  A  neutron  enters  the  nucleus  of 
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92  protons 
mass  238 


y238 


which  then  becomes 


94  protons 
mass  239 


U-39.  But  this  nucleus  is  not  stable. 
It  converts  a  neutron  to  a  proton  and 


an  electron  and  ejects  the  electron 
and  becomes 

neptunium  (Np239).  The  neptunium  soon 


emits  an  electron  and  becomes 

plutonium  (Pu239)  which  has  a  half 
life  of  24,400  years. 


Figure  5-12  This  diagram  shows  formation 
of  neptunium  and  plutonium. 


thousands  of  times,  until  the  gas  coming 
through  the  last  barrier  has  almost  no  U238. 

5-21  Reactors  produce  plutonium.  In 

1940  two  new  elements  with  atomic  num¬ 
bers  93  and  94  were  found.  How  they 
are  made  is  shown  in  Fig.  5-12.  The  new 
elements  were  named  neptunium  ( Np )  and 
plutonium  (Pu).  (The  three  outermost 
planets  are  Uranus,  Neptune,  and  Pluto; 
thus  the  three  elements:  uranium,  nep¬ 
tunium,  plutonium.)  Neptunium  has  a 
short  half-life  and  therefore  does  not  exist 
long  enough  to  be  useful  as  a  source  of 
atomic  energy.  Plutonium,  with  a  half-life 
of  2.44  X  104  years,  turned  out  to  be  very 
useful.  Like  U235,  Pu239  can  be  split  by  slow 


Figure  5-13  A  nuclear  pile  surrounded  by  a 
moderator  of  heavy  water.  Note  the  glow  of 
the  operating  pile. 


neutrons  into  two  middle-sized  atoms,  giv¬ 
ing  off  large  quantities  of  energy.  And 
since  it  is  chemically  different  from  ura¬ 
nium,  the  two  elements  can  be  separated 
fairly  easily.  Elements  with  higher  atomic 
numbers  than  plutonium  have  also  been 
discovered  as  a  result  of  nuclear  bombard¬ 
ment.  See  Table  4—1,  p.  95. 

5-22  Slow  neutrons  cause  fission.  A 

neutron  emitted  from  a  splitting  uranium 
or  plutonium  nucleus  travels  faster  than 
4,000,000  meters  per  second.  A  neutron 
moving  this  fast  rarely  causes  fission  of  an¬ 
other  atom.  Therefore,  in  a  reactor,  a 
moderator  is  used  to  slow  the  neutrons 
down  to  about  2000  meters  per  second. 
Graphite  (a  form  of  carbon)  and  heavy 
water  (water  made  of  deuterium  and  oxy¬ 
gen)  are  often  used  as  moderators  (Fig. 
5-13).  Fast  neutrons  collide  with  atoms  of 
the  moderator,  causing  the  neutrons  to  slow 
down. 

Notice  one  important  difference  between 
the  control  rods  and  a  moderator.  The 
atoms  of  the  control  rods  absorb  neutrons; 
those  of  the  moderator  do  not  absorb  them, 
but  merely  slow  them  down  through  colli¬ 
sion. 

Although  fast  neutrons  are  much  less 
likely  to  cause  fission  than  slow  ones,  they 
can  cause  a  chain  reaction  in  pure  U235  or 
Pu239.  In  a  nuclear  bomb  pure  materials  are 
used  without  a  moderator.  The  reaction 
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must  take  place  quickly  (before  the  bomb 
can  break  apart,  scattering  unused  uranium 
or  plutonium )  and  fast-moving  neutrons 
make  this  possible. 

5-23  There  is  a  critical  size  for  a  chain 
reaction.  Not  every  lump  of  U235  in  which 
an  atom  has  been  exploded  by  a  neutron 
undergoes  complete  fission.  If  the  lump  is 
too  small,  most  of  the  neutrons  escape. 
Also,  if  too  many  impurities  are  present, 
they  will  absorb  some  of  the  neutrons.  For 
the  chain  reaction  to  occur,  then,  two  con¬ 
ditions  are  necessary: 

1.  The  material  must  be  pure  enough  so 
that  most  of  the  neutrons  are  not  cap¬ 
tured  by  nonfissionable  atoms. 

2.  The  size  of  the  material  must  be  large 
enough  so  that  most  of  the  neutrons 
do  not  escape  from  it. 

The  smallest  possible  amount  of  fission¬ 
able  material  that  will  allow  the  chain  re¬ 
action  to  continue  is  called  the  critical  size. 
The  exact  method  by  which  a  fission  bomb 
is  triggered  is  a  military  secret.  What 
is  known  is  that  two  or  more  lumps  of  fis¬ 
sionable  material  are  placed  in  the  bomb. 
Each  lump  is  below  critical  size.  The  bomb 
is  set  off  by  having  these  lumps  suddenly 
brought  together  to  make  one  lump  which 
is  above  critical  size. 

So  far  nothing  has  been  said  about  how 
to  obtain  the  first  neutron  to  start  a  chain 


Figure  5-14  A  nuclear  reactor  plant  used  for 
the  commercial  production  of  power. 


reaction.  It  is  not  necessary  to  do  this. 
There  are  always  a  few  free  neutrons  being 
formed  in  any  material  as  a  result  of  cosmic 
rays  or  radioactivity.  If  the  material  is  be¬ 
low  critical  size,  a  reaction  caused  by  one 
of  these  neutrons  dies  out,  but  if  it  is  of 
critical  size,  the  reaction  grows. 

5-24  Nuclear  reactors  are  becoming 
increasingly  useful.  Reactors  are  used  for 
three  main  purposes: 

1.  Finding  out  how  to  build  better  re¬ 
actors 

2.  Producing  radioactive  nuclides 

3.  Producing  energy 

The  first  reactor  was  built  merely  to  an¬ 
swer  the  question:  Will  it  work?  It  was 
built  secretly  during  World  War  II  under 
the  football  stadium  of  the  University  of 
Chicago.  Enrico  Fermi  was  in  charge.  It 
did  work,  showing  that  nuclear  energy  was 
practical.  Nearly  every  reactor  today  is  an 
experimental  one.  New  designs  are  tried  in 
an  attempt  to  make  them  better.  Most  of 
them  are  breeder  reactors,  that  is,  reactors 
which  produce  more  nuclear  fuel  than  they 
use.  The  one  shown  in  Fig.  5-14  has  a  core 
of  rather  pure  U235.  Outside  of  this  is  nat¬ 
ural  uranium,  which  is  largely  U238.  The 
reaction  starts  in  the  core.  Then,  as  neu¬ 
trons  escape  into  the  U238,  they  cause  the 
production  of  plutonium.  As  the  U235  is 
used  up,  it  produces  an  even  larger  quan¬ 
tity  of  fissionable  plutonium  as  well  as  heat 
energy  that  can  be  used  for  making  elec¬ 
tricity.  As  the  plutonium  in  its  turn  under¬ 
goes  fission,  some  of  its  neutrons  also  con¬ 
vert  more  U238  to  plutonium.  When  all  the 
U238  has  been  converted  to  plutonium,  the 
reactor  no  longer  breeds  fuel,  unless  more 
U238  is  added  to  keep  the  reaction  going. 
Other  breeder  reactors  use  the  common  iso¬ 
tope  of  thorium,  Th232,  in  place  of  U238.  It 
absorbs  neutrons  from  the  core  and  is  con¬ 
verted  into  U233,  another  fissionable  isotope 
of  uranium. 


Figure  5—15  The  top  of  a  nuclear  reactor 
showing  in  the  center  the  thimble  by  which 
materials  can  be  lowered  into  the  reactor  to 
be  made  radioactive. 

Figure  5-15  shows  a  reactor  that  is  used 
primarily  to  produce  nuclides.  The  “thim¬ 
ble”  in  the  center  is  a  hole  into  which  vari¬ 
ous  materials  can  be  lowered.  Then 
neutrons  from  the  reactor  bombard  the 
materials,  producing  many  nuclides,  most  of 
them  radioactive.  One  very  powerful  radio¬ 
isotope  is  cobalt  60.  This  has  been  used  to 
irradicate  plants  in  order  to  find  out  the 
effect  on  their  growth  (Fig.  5—16). 


Figure  5 — 16  Cobalt  60  from  the  pipe  gives 
off  gamma  rays  which  produce  genetic 
changes  in  the  plants  exposed. 
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A  nuclear  reactor  produces  a  great  deal 
of  heat,  which  in  turn  is  used  for  power 
production.  In  nuclear  surface  vessels  and 
submarines,  for  example,  this  heat  is  used 
to  run  steam  turbines.  The  heat  from 
a  reactor  can  also  be  used  to  run  an  electric 
power  plant.  Not  many  reactors  for  produc¬ 
ing  power  have  been  built  because  at  pres¬ 
ent  it  is  cheaper  to  use  coal,  oil,  or  water 
power  to  run  such  plants.  With  more  re¬ 
search,  the  cost  of  these  plants  will  come 
down,  and  they  will  then  be  economical  to 
run. 

5-25  Nuclear  bombs  are  extremely  de¬ 
structive.  One  cubic  inch  of  uranium  used 
in  a  bomb  produces  as  much  energy  as 
9000  tons  of  TNT,  the  explosive  commonly 
used  in  the  older  kinds  of  bomb.  Fission 
bombs  are  destructive  in  four  ways:  heat, 
blast,  immediate  radiation,  and  delayed 
radiation  (largely  fallout). 

The  explosion  itself  is  tremendously  hot, 
certainly  in  the  millions  of  degrees.  At  the 
center  of  the  blast,  even  sand  and  brick  are 
melted.  Air  heated  by  the  explosion  ex¬ 
pands  very  quickly.  This  sends  a  wave  of 
air  out  in  all  directions  with  such  force  that 
it  levels  buildings  at  a  considerable  dis¬ 
tance.  The  immediate  radiation  from  the 
bomb  is  largely  neutrons  and  gamma  rays. 

Heated  air  from  the  vicinity  of  the  blast 
rises,  carrying  radioactive  material  with  it, 
and  forming  a  great  mushroom  cloud.  The 
isotopes  formed  by  the  fission  process  are 
radioactive  and  decay  into  other  radioiso¬ 
topes.  The  materials  of  the  bomb  casing 
may  become  radioactive.  Many  of  these 
radioactive  elements  linger  in  the  ground 
near  the  explosion  for  years.  Others  are 
sucked  up  into  the  mushroom  cloud  and 
travel  in  the  upper  atmosphere  around  the 
earth,  slowly  dropping  to  the  ground.  This 
is  called  fallout. 

Most  of  the  fallout  occurs  near  the  bomb, 
but  much  of  it  may  come  down  thousands 
of  miles  away  over  a  long  period  of  time. 


The  later  fallout  does  not  do  much  damage 
if  the  isotope  has  a  short  half-life.  Stron¬ 
tium  90,  however,  has  a  half-life  of  28  years. 
Chemically  it  is  very  much  like  calcium, 
and  if  a  person  eats  food  containing  stron¬ 
tium  90,  it  may  take  the  place  of  calcium  in 
his  bones  and  become  a  permanent  part  of 
his  body,  exposing  the  bones  to  beta  rays 
for  a  long  period  of  time.  This  is  why  peo¬ 
ple  are  concerned  more  about  strontium  90 
than  about  many  of  the  other  fallout  iso¬ 
topes.  Iodine  131,  which  can  cause  thyroid 
gland  cancer,  and  strontium  89  are  also 
found  in  fallout,  but  have  less  lasting  effect 
because  they  have  short  half-lives  (8  days 
for  I131  and  50  days  for  Sr89).  While  the 
amount  of  radioisotopes  so  far  created  by 
bomb  explosions  is  small,  the  amount  could 
become  very  dangerous  if  too  many  bombs 
are  exploded. 

5-26  Radiation  damage  can  be  pre¬ 
vented.  Radioactive  isotopes,  x-ray  ma¬ 
chines,  and  nuclear  reactors  must  be 
shielded  so  that  dangerous  radiation  does 
not  reach  the  people  who  operate  them. 
Alpha  and  beta  rays  can  be  stopped  by  thin 
shields  (see  Sec.  5-3),  but  x-rays,  gamma 
rays,  and  neutrons  are  more  penetrating. 
Neutrons  from  a  reactor  are  controlled  by 
reflecting  them  back  into  the  reactor,  often 
by  a  layer  of  graphite.  The  ability  of  a 
shield  to  stop  x-rays  and  gamma  rays  de¬ 
pends  on  its  thickness  and  its  density.  The 
more  mass  there  is  between  a  person  and  a 
reactor,  the  better  he  is  protected. 

Gamma  rays  are  very  penetrating.  Their 
intensity  can  be  cut  down  to  -Koo.ooo  of 
their  original  value  if  the  source  is  sur¬ 
rounded  by  10  inches  of  lead.  If  concrete 
is  used,  however,  it  must  be  47  inches  thick 
to  provide  the  same  protection.  This  is  be¬ 
cause  concrete  is  only  about  one  fifth  as 
dense  as  lead.  Notice  that  by  using  lead  a 
reactor  designer  cuts  down  the  space  occu¬ 
pied  by  the  shield,  but  he  does  not  signifi¬ 
cantly  cut  down  its  weight.  If  he  were  to 
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use  a  shield  of  a  material  much  lighter  than 
lead  or  concrete,  aluminum,  for  example,  he 
would  have  to  make  the  wall  thicker  still. 
This  is  why  fission  power  has  not  been  used 
on  lightweight  vehicles  such  as  automobiles. 
The  necessary  shielding  is  too  heavy,  no 
matter  what  material  is  used. 

5-27  The  nuclear  bomb  has  peacetime 
uses.  When  chemical  explosives  like  gun¬ 
powder  were  first  invented,  they  were  used 
for  war.  Today  chemical  explosives  such  as 
TNT  and  dynamite  are  more  widely  used 
for  mining  and  excavation  than  for  war. 
Some  people  think  that  the  same  thing  may 
happen  with  nuclear  bombs.  Nuclear  bombs 
exploded  deep  beneath  the  surface  of  the 
earth  do  not  send  isotopes  to  the  surface. 
They  melt  the  rock  around  them  and  when 
the  rock  hardens,  it  seals  in  the  isotopes. 
The  rock  above  the  explosion  breaks  up 
into  small  pieces.  This  might  make  it  easier 
to  get  out  minerals  or  to  use  some  oil  shales 
that  are  now  too  expensive  to  utilize. 


Self  Check 


1 .  Why  were  Hahn  and  Strassmann  reluctant 
to  believe  that  they  had  produced  an  iso¬ 
tope  of  barium  by  bombarding  uranium 
with  neutrons? 

2.  What  are  the  two  important  facts  about 
nuclear  fission  that  made  this  discovery 
exciting? 

3.  What  is  the  smallest  possible  number  of 
neutrons  that  must  be  released  at  each  fis¬ 
sion  in  order  to  keep  a  chain  reaction 
going? 

4.  Why  is  this  number  too  small  to  be  useful 
practically? 

5.  What  is  a  nuclear  reactor? 

6.  What  is  the  function  of  control  rods  in  a 
reactor? 

7.  Why  is  a  moderator  needed  in  a  reactor? 
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8.  What  is  the  fissionable  isotope  of  natural 
uranium? 

9.  How  is  plutonium  produced? 

1 0.  Why  will  a  mass  of  uranium  that  is  smaller 
than  critical  size  not  permit  a  chain  reac¬ 
tion  to  exist? 

1 1 .  What  are  the  three  principal  uses  for  nu¬ 
clear  reactors? 

1 2.  How  does  a  breeder  reactor  work? 

1 3.  What  is  fallout? 

1 4.  Why  is  Sr90  a  very  undesirable  part  of  fall¬ 
out? 

1 5.  Why  has  fission  power  not  been  used  to 
propel  automobiles? 

1 6.  What  is  a  possible  constructive  use  of 
nuclear  bombs? 


Problems 


1 .  Write  the  equations  of  the  reactions 
shown  in  Fig.  5-12. 

2.  Is  a  slow  neutron  really  slow?  Find 
the  speed  in  miles  per  hour  of  a  “slow”  neutron 
traveling  at  2000  meters  per  second. 


Discussion  Questions 


1 .  How  many  neutrons  must  the  fissionable 
material  of  a  breeder  reactor  produce  per 
fission?  Explain  your  answer. 

2.  How  might  geography  influence  the  ques¬ 
tion  of  whether  or  not  it  is  economical  to 
build  a  nuclear  reactor? 

3.  A  few  years  ago  a  man  who  worked  at  a 
nuclear  reactor  had  some  radioactive  mate¬ 
rial  spilled  on  his  clothes  without  his  know¬ 
ing  it.  He  became  sick,  but  later  recovered. 
His  clothes  were  destroyed  and  his  home 
carefully  inspected  and  declared  free  from 
contamination.  In  spite  of  this,  his  neigh¬ 
bors  were  afraid  to  visit  him  and  when  he 
moved  no  one  would  buy  his  house.  Were 
people  justified  in  their  fear? 
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Fusion  Energy 


5-28  Fusion  requires  high  tempera¬ 
ture.  Fusion  is  the  combining  of  light  ele¬ 
ments  to  make  heavier  ones.  This  means 
that  the  nuclei  must  join  together.  But  nu¬ 
clei  have  positive  charges,  and  Coulomb’s 
law  says  that  the  closer  these  charges  get, 
the  more  they  repel  each  other.  In  fact,  ac¬ 
cording  to  this  law,  only  an  infinite  force 
can  bring  two  positive  charges  together. 
Yet  we  know  that  heavy  nuclei  contain 
many  protons.  There  must  be  another  force, 
which  acts  in  opposition  to  the  Coulomb 
force,  that  holds  nuclei  together.  This  force 
apparently  is  weaker  than  the  Coulomb 
force  when  the  particles  are  at  a  distance, 
but  becomes  stronger  at  close  range.  Just 
how  this  force  operates  is  one  of  the  incom¬ 
pletely  solved  mysteries  of  physics. 

For  fusion  to  take  place,  the  positive 
charges  must  be  brought  close  enough  to¬ 
gether  so  that  the  nuclear  force  can  act. 
High  speed  turns  the  trick.  Get  two  atoms 
moving  fast  enough,  and  they  may  come 
close  together  and  fuse.  Atoms  move  faster 
when  they  are  hot,  so  the  secret  is  to  get  the 
temperature  up  into  the  millions  of  degrees. 
For  this  reason,  fusion  is  called  a  thermo¬ 
nuclear  reaction.  The  stars,  including  our 
sun,  are  at  the  necessary  temperature. 
There  fusion  occurs  continuously,  keeping 
the  stars  hot.  A  number  of  fusion  reactions 
take  place  with  the  final  result  being  the 
production  of  helium  from  hydrogen.  In 
the  process,  some  of  the  mass  is  converted 
to  energy. 


in  Fig.  5-17.  Take  the  first  of  these  and 
see  how  it  produces-  energy: 

lH3  +  !H2  ->  2He4  +  gn1 

+  energy 

tritium  deuterium  helium  neutron 

3.01  605  u  +  2.01  41  0  u  — »  4.00260  u  +  1 .00867  u 

+  energy 

5.0301  5  u  ->  5.01  1  27  u  +  energy 

After  the  tritium  and  deuterium  atoms  have 
fused  to  make  an  atom  of  helium,  with  a 


Figure  5-17  These  fusion  reactions  may  be 
used  in  the  production  of  power  or  in  H-bombs. 


0  =  proton 


0  =  neutron 


P 


lH3  +  jH2  — »  2He4  +  0n' 
or 


T  +  D  — >  a  +  n 


lH2+  jH^oHeS  +  on1 


or 

D  +  D  —  He3  +  n 
jH2  +  jH2  -» jH3  +  1H1 


or 


D  +  D  — >  T  +  p 


5-29  Deuterium  and  tritium  are  fusion 
materials.  Since  ordinary  hydrogen  nuclei 
fuse  too  slowly,  even  at  high  temperatures, 
the  heavier  isotopes  of  hydrogen  are  usually 
used.  Some  of  the  reactions  are  illustrated 


NUCLEAR  ENERGY 


131 


neutron  left  over,  the  mass  is  less  than  at 
the  start.  This  mass  difference  (5.03015  u  — 
5.01127  u  =  0.01888  u )  is  converted  to  en¬ 
ergy.  The  difference  seems  very  slight,  and 
it  is,  but  the  amount  of  energy  produced  is 
very  large.  The  conversion  of  1  g  of  tritium 
and  deuterium  fuel  into  helium  and  neu¬ 
trons  would  supply  electric  energy  to  an 
average  home  for  38  years. 

5-30  At  fusion  temperatures,  matter 
becomes  a  plasma.  How  can  the  tempera¬ 
ture  be  made  hot  enough  for  a  fusion  reac¬ 
tion?  A  uranium  or  plutonium  bomb  can  do 
it.  The  hydrogen  bomb,  or  H-bomb,  consists 
of  a  fission  bomb  to  provide  the  high  tem¬ 
perature,  plus  the  fusion  materials.  The  ex¬ 
act  contents  are  a  military  secret,  but  it  may 
include  lithium  as  well  as  deuterium  or 
tritium. 

As  an  alternative  to  using  fission  bombs 
to  produce  the  necessary  high  temperature, 
scientists  are  using  electrical  and  magnetic 
methods  to  get  deuterium  and  tritium  hotter 
and  hotter.  They  have  to  be  careful  that 
none  of  this  hot  material  touches  the  walls 
of  the  apparatus,  for  then  the  walls  would 
melt.  The  deuterium  and  tritium  atoms  vi¬ 
brate  so  fast  that  they  lose  their  electrons, 
becoming  ions.  This  almost  completely  ion¬ 
ized  gas  consisting  largely  of  nuclei  and 
electrons  is  called  a  plasma. 

As  the  plasma  rushes  along  through  a 
tube,  magnetic  fields  keep  it  pushed  toward 
the  center  of  the  tube,  so  that  it  cannot 
touch  the  walls.  Figure  5-18  shows  the 
glow  of  a  hot  plasma  traveling  down  the 
center  of  a  tube.  Up  to  now  several  ma¬ 
chines  have  produced  temperatures  above 
a  million  degrees,  but  the  necessary  goal 
may  be  as  much  as  a  hundred  million  de¬ 
grees.  When  that  goal  is  reached,  a  break¬ 
through  will  have  been  made  in  using  fu¬ 
sion  for  other  purposes  besides  bombs. 

5-31  Nuclear  fusion  may  become  a 
power  source.  There  are  several  advan¬ 


tages  of  nuclear  fusion  as  a  source  of  power. 
One  is  that  the  fuel  supply  is  practically  un¬ 
limited  and  cheap  to  obtain.  Fewer  than 
one  molecule  in  ten  thousand  of  natural  hy¬ 
drogen  is  deuterium,  but  not  much  is 
needed.  The  deuterium  in  a  gallon  of  water 
costs  about  four  cents  to  extract  and  would 
give  as  much  energy  as  more  than  three 
hundred  gallons  of  gasoline!  It  has  been 
calculated  that  there  is  enough  deuterium 
in  the  ocean  to  supply  the  energy  needs  of 
the  world  for  twenty  billion  years  at  our 
present  rate  of  energy  consumption. 

The  by-products  of  producing  energy  by 
nuclear  fission  are  difficult  to  handle  and 
dispose  of.  When  uranium  or  plutonium 
atoms  are  split,  the  fragments  are  radio¬ 
active.  They  must  be  removed  from  a  re¬ 
actor  as  the  fuel  is  used  up.  Some  are 
buried  deep  in  the  earth  and  others  are 
sunk  in  the  ocean.  In  time  they  may  cause 
a  dangerous  amount  of  radioactive  pollu¬ 
tion.  If  a  fusion  reactor  can  be  built,  on  the 
other  hand,  this  problem  would  not  exist. 
The  products  are  ordinary  helium  atoms 
plus  a  few  neutrons.  Helium  gas  can  be  al¬ 
lowed  to  escape,  or  can  be  captured  for  use. 
It  is  completely  harmless.  The  neutrons  will 
react  with  the  walls  of  the  apparatus  to 
form  a  few  radioactive  isotopes,  but  the 
quantity  will  be  small  compared  with 
the  fragments  from  fission  reactions.  See 
the  chart  on  fusion  and  fission  on  page  132. 

Figure  5-18  A  plasma  contained  in  a  quartz 

tube  produced  the  glow  shown  below. 
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COMPARISON  OF  FUSION  AND  FISSION 


Fusion  Fission 


What  happens 

Light  nuclei  form  heavier  ones 

Very  heavy  nuclei  are  split  into 
middle-weight  ones 

Comparison  of  energy  pro¬ 
duced  per  gram  of  fuel 

Greater 

Less 

Materials  used 

Deuterium,  tritium,  lithium 

U235,  Pu239,  and  some  others 

Availability  of  materials 

Almost  unlimited.  Cheap  to 
obtain. 

Good  sources  are  limited.  Ex¬ 
pensive.  Very  large  quantity 
of  low-grade  ores  exists. 

How  the  reaction  starts 

Occurs  naturally  if  the  tem¬ 
perature  is  high  enough  and 
particles  not  too  far  apart. 
High  temperature  in  bomb  ob¬ 
tained  by  use  of  fission  bomb 
to  start  reaction.  In  reactor, 
the  temperature  is  obtained  by 
electric  and  magnetic  heating 
action. 

Occurs  when  a  neutron  is  ab¬ 
sorbed  by  a  nucleus. 

How  the  reaction  is  kept 
going 

By  confining  the  hot  plasma  so 
that  it  cannot  cool. 

Chain  reaction  when  material  is 

of  critical  size  and  neutrons  are 
slowed  by  moderator. 

How  controlled 

By  magnetic  fields. 

By  control  rods  that  absorb 
neutrons. 

Radioactive  isotopes  formed 

Almost  none 

Many 

Shielding  required? 

Yes,  because  neutrons  from  the 
process  can  make  the  walls 
radioactive. 

Yes,  because  fission  products 
are  radioactive. 

Possibility  of  useful 
energy  production 

Now  in  research  stage.  When 
made  practical,  direct  genera¬ 
tion  of  electricity  without  having 
to  heat  steam  is  theoretically 
possible. 

Reactors  now  in  use  to  operate 
steam  turbines  in  ships  and 
power  plants.  At  present  it  is 
more  expensive  to  produce 
electricity  this  way  than  by 
older  methods. 

Self  Check 
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1.  Why  does  fusion  require  a  very  high  tem¬ 
perature  before  it  can  start? 

2.  Where  in  the  universe  is  fusion  the  chief 
source  of  energy? 

3.  What  are  some  of  the  nuclides  used  as 
fusion  fuels? 

4.  What  produces  the  necessary  high  tempera¬ 
ture  in  an  H-bomb? 

5.  What  is  plasma? 

6.  Which  is  a  greater  radioactive  hazard,  fu¬ 
sion  or  fission? 

7.  How  is  a  fusion  reaction  controlled? 


Problems 


In  solving  these  problems,  refer  to  Table 
4-4,  p.  101  and  the  data  at  the  top  of  p.  130. 

1 .  The  sun’s  energy  is  probably  pro¬ 
duced  as  a  result  of  the  “proton-proton”  chain 
of  reactions.  Write  the  equations:  (a)  A  pro¬ 
ton  combines  with  a  proton;  (b)  the  resulting 
nucleus  emits  a  positron;  (c)  the  resulting  nu¬ 
cleus  combines  with  another  proton;  (d)  two 
of  the  resulting  nuclei  combine  and  emit  two 
protons. 

2.  Lithium  7  has  a  mass  of  7.01601  u. 
It  can  combine  with  hydrogen  1  to  produce  two 
helium  atoms.  Find  the  mass  loss  in  u. 

3.  Helium  3  has  a  mass  of  3.01603  u. 
How  much  mass  is  converted  to  energy  in 
reaction  b  of  Fig.  5-17?  In  reaction  c? 

4.  Cockcroft  and  Walton  produced  the 
reaction  of  Problem  2,  and  measured  the  en¬ 
ergy  of  the  alpha  particles  by  observing  their 
cloud  tracks.  Each  particle  had  an  energy  of 
1.38  X  10  ~5  ergs.  Show  that  this  agrees  with 
the  A  E  =  A  me2  relationship  fairly  well. 


Discussion  Questions 


1 .  If  the  soil  has  been  contaminated  by  Sr90, 
authorities  recommend  deep  plowing  in 
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order  to  make  the  soil  safe  to  use.  Why 
does  this  help? 

2.  If  a  fusion  reaction  pioduces  no  radioactive 
isotopes,  how  can  a  hydrogen  bomb  pro¬ 
duce  radioactive  fallout? 


Chapter 

Summary 


The  nucleus  of  a  radioactive  substance  spon¬ 
taneously  decays,  giving  off  various  kinds  of 
radiation  and  becoming  transformed  into  the 
nucleus  of  another  element.  Among  the  kinds 
of  radiation  are  alpha  particles  (helium  nu¬ 
clei),  beta  particles  (electrons),  and  gamma 
rays  (something  like  light).  Uranium  and  ra¬ 
dium  (discovered  by  the  Curies)  are  two  im¬ 
portant  naturally  radioactive  substances.  The 
rate  of  decay  is  measured  in  half-lives.  Rays 
from  radioisotopes  are  dangerous  to  living 
things,  but  are  also  useful  in  a  variety  of  ways. 

Bombardment  of  nuclei  by  various  particles 
has  resulted  in  the  production  of  artificially 
radioactive  isotopes.  It  also  resulted  in  the  dis¬ 
covery  of  the  neutron.  Artificial  radioisotopes 
have  many  uses.  Some  artificially  radioactive 
isotopes  give  off  positrons  when  they  decay. 

Primary  cosmic  rays  are  positively  charged 
particles  which  enter  our  atmosphere  at  great 
speed  and  produce  secondary  cosmic  rays 
when  they  react  with  the  atoms  of  the  upper 
atmosphere.  Secondary  cosmic  rays  are  re¬ 
sponsible  for  the  background  count  of  a  G-M 
tube  or  other  counter. 

Fission  of  U235  and  Pu239  by  slow  neutrons 
produces  a  large  quantity  of  energy  due  to 
mass  loss.  Neutrons  released  by  the  process 
cause  a  chain  reaction.  The  process  is  used  in 
fission  bombs  and  in  nuclear  reactors.  In  reac¬ 
tors  the  neutrons  are  slowed  by  a  moderator 
and  absorbed  by  control  rods  that  regulate  the 
rate  of  fission  activity.  A  mass  of  fissionable 
material  must  be  at  least  of  critical  size  before 
a  chain  reaction  can  continue.  A  breeder  reac¬ 
tor  produces  more  fissionable  material  than  it 
consumes  as  fuel.  Reactors  are  used  for  a  vari¬ 
ety  of  purposes. 
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Fission  products  are  radioactive  and  cause  a 
dangerous  fallout  in  the  case  of  bombs.  Shield¬ 
ing  is  the  best  protection  against  radiation. 

Fusion  of  light  elements  also  produces  en¬ 
ergy  from  mass  loss  and  is  the  source  of  energy 
of  stars.  Coulomb  forces  tend  to  keep  the  par¬ 
ticles  from  coming  together,  but  the  high  ve¬ 
locities  they  have  when  hot  make  it  possible  for 
particles  to  get  close  enough  for  nuclear  forces 
to  hold  them  together.  In  an  H-bomb  the  tem¬ 
perature  is  raised  by  using  a  fission  bomb.  A 
fusion  reactor  will  create  a  high  temperature 
in  a  plasma  controlled  by  magnetic  fields.  Fu¬ 
sion  produces  almost  no  radioactive  isotopes. 


2.  U232  gives  off  an  alpha  particle  when 
it  decays. 

3.  Thorium  232  decays  to  lead  208  as  a 
result  of  the  following  emissions:  (a)  alpha; 
(b)  beta;  (c)  beta;  (d)  alpha;  (e)  alpha; 
(f)  alpha;  (g)  alpha;  (h)  beta;  (i)  beta;  (j) 
alpha. 

4.  Li7  bombarded  by  a  proton  gives  off 
an  alpha  particle. 

5.  Cu65  bombarded  by  a  neutron  gives 
off  a  proton. 

6.  Lithium  6  has  a  mass  of  6.01512  u. 
How  much  mass  is  converted  to  energy  in 
reaction  d  of  Fig.  5-17? 


Vocabulary- 

fluorescent  (p.  109) 
uranium  (p.  109) 
radium  (p.  110) 
radioactivity  (p.  110) 
alpha  rays  (p.  Ill) 
beta  rays  (p.  Ill) 
gamma  rays  (p.  Ill) 
radioactive  element 
( PHI ) 

radioisotope  (p.  112) 
stable  isotope 
iP- 112) 

radioactive  decay 

ip-112) 

half-life  (p.  112) 

G-M  counter  (p.  113) 
artificial  radioactivity 
{p.  116) 

primary  cosmic  rays 

ip.  121) 

secondary  cosmic  rays 

ip.  122) 

background  count 


chain  reaction 
ip.  124) 

fission  bomb  ip.  124) 
nuclear  reactor  (pile) 
ip.  124) 

control  rods  (p.  124) 
moderator  (p.  126) 
slow  neutrons  (p.  126) 
fast  neutrons  (p.  126) 
critical  size  (p.  126) 
breeder  reactors 
ip.  127) 

nuclear  bomb  (p.  128) 
fallout  (p.  128) 
strontium  90  (p.  128) 
fusion  (p.  130) 
Coulomb  force 
ip.  130) 

nuclear  force  (p.  130) 
thermonuclear 
reaction  (p.  130) 
H-bomb  ip.  131 ) 


ip.  122) 

fusion  reactor 

fission  (p.  123) 

ip- 131) 

4. 

Problems 

5. 

Write  equations  for  the  following: 

6. 

off  an  electron  when  it  decays. 


7.  A  G-M  counter  records  20  counts  per 
minute  when  no  radioactive  sample  is  near  it, 
100  counts  per  minute  when  sample  A  is  near 
it,  and  300  counts  per  minute  when  sample  B 
is  near  it.  Compare  the  radioactivity  of  sam¬ 
ple  B  with  that  of  sample  A. 

8.  Write  the  equations  of  Fig.  5-17  in 
shorthand  form. 

9.  Find  the  percent  of  original  mass  that 
is  converted  to  energy  in  each  of  the  reactions 
of  Fig.  5-17.  Which  is  the  best  energy-pro¬ 
ducer? 


Discussion  Questions 

1 .  Dating  of  ancient  objects  by  the  use  of  C14 
is  accurate  only  up  to  about  30,000  years. 
Why? 

2.  In  Fig.  5-5  do  the  mesons  formed  by  the 
neutron  collision  have  positive  or  negative 
charges?  How  can  you  tell? 

3.  How  can  the  neutron  collision  with  a  hydro¬ 
gen  nucleus  in  Fig.  5-5  produce  1  pyoton 
and  2  mesons?  The  neutron  itself  bounced 
off. 

How  might  world  tensions  influence  the 
question  of  whether  or  not  to  build  a 
nuclear  reactor? 

Do  you  feel  that  the  discovery  of  nuclear 
energy  was  good  or  bad  for  man? 

How  would  you  go  about  measuring  the 
radioactivity  of  a  sample  of  rock  with  an 
electroscope? 


PHYSICS 
HALL  OF 
FAME 

.  Enrico  Fermi  •  1901-1954 


One  of  the  most  eager  of  the  "isotope  hunters”  was  the  Italian-born  physi¬ 
cist  Enrico  Fermi.  His  favorite  "bullet"  was  a  beam  of  neutrons;  by  this  means, 
he  and  his  co-workers  changed  the  nuclei  of  about  fifty  different  elements. 
The  1938  Nobel  Prize  in  Physics  was  awarded  to  Fermi  for  this  work. 

In  his  experiments  of  the  1930’s  Fermi  had  observed  that  when  a  nucleus 
absorbed  a  neutron  and  exploded,  its  atomic  number  changed  by  only  one 
or  two  units.  Therefore,  he  was  very  much  interested  by  the  announcement, 
in  1939,  of  the  phenomenon  of  nuclear  fission.  Together  with  Hungarian-born 
physicist  Leo  Szilard,  Fermi  successfully  repeated  the  fission  experiments  of 
Hahn  and  Strassmann,  Meitner  and  Frisch.  Fermi  and  Szilard  found,  as  the 
others  had  predicted,  that  neutrons  are  released  when  the  uranium  atom  is 
split;  and  they  at  once  foresaw  the  possibility  of  a  chain  reaction. 

Fermi  and  Szilard  understood  the  tremendous  quantities  of  energy  that  an 
atomic  chain  reaction  might  liberate.  Europe  was  at  war.  Both  men  had 
immigrated  to  the  United  States  to  escape  political  oppression,  and  to  them 
the  prospect  that  Hitler  or  Mussolini  might  have  access  to  such  a  weapon 
as  an  atomic  bomb  was  horrifying.  Thus,  Fermi  and  Szilard  felt  that  the 
United  States  must  work  quickly  and  secretly  to  make  use  of  their  discovery. 
How  could  they  get  action?  Szilard  went  to 
Albert  Einstein  with  a  manuscript  describing  what 
he  and  Fermi  had  discovered.  Einstein  Immedi¬ 
ately  wrote  to  President  Roosevelt,  with  the  re¬ 
sult  that  a  "crash  program”  in  atomic  research 
was  organized.  In  1942  Fermi  directed  the 
building  oHhe  first  nuclear  reactor,  which  pro¬ 
duced  fission  energy  in  quantity  for  the  first  time. 

In  honor  of  Fermi’s  work,  the  United  States  es¬ 
tablished  the  Atomic  Energy  Commission’s  Fermi 
Award  for  outstanding  contributors  to  the  de¬ 
velopment,  the  use,  or  the  control  of  atomic 
energy.  Fermi  himself  was  its  first  recipient. 
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Long  ago  man  learned  how  to  transfer  energy 
through  machines  to  accomplish  his  work. 


By  now  you  have  learned  some 
of  the  fundamental  facts  about 
forces  and  how  they  produce  mo¬ 
tions  in  objects  ranging  from 
planets  to  subatomic  particles. 
Frequently,  however,  you  must  be 
able  to  analyze  situations  where 
there  is  more  than  one  force  and 
where  these  forces  may  be  ex¬ 
erted  in  a  variety  of  directions. 
In  the  mechanical  tasks  of  lifting, 
hauling,  and  stretching,  people 
use  many  kinds  of  machines.  In 
this  unit  you  will  study  the  basic 
principles  of  simple  machines, 
and  you  will  learn  how  they  are 
combined  to  make  complex  ma¬ 
chines.  In  addition  to  forces  ex¬ 
erted  by  solid  objects  on  other 
solid  objects,  you  will  study  forces 
in  liquids  and  gases.  Among 
them  are  those  forces  that  make 
baseballs  curve  and  permit  birds 
and  airplanes  to  fly. 
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Courtesy  of  Ringling  Brothers,  Bamum  and  Bailey  Circus. 


Circus  performers  demonstrate  forces  in  equilibrium. 


Forces  in.  Equilibrium 


Circus  people  are  equilibrium  artists.  The  girls  holding  bars  here  are  standing 
on  balls  that  might  roll  out  from  under  them  if  they  are  not  careful.  By  exerting 
exactly  the  right  forces  on  the  bars,  they  keep  the  center  bar  from  moving.  If 
one  girl  falls  down,  the  pull  of  the  others  will  put  the  whole  act  out  of  business. 
Whether  they  realize  it  or  not,  they  are  giving  a  fine  exhibition  of  concurrent 
forces,  forces  which  act  on  a  single  point.  This  point  is  the  place  where  the 
bars  join.  Four  concurrent  forces  act  here  to  produce  equilibrium:  the  outward 
pull  of  each  of  the  three  girls  and  the  downward  push  of  the  fourth  girl. 

The  strong  man  supporting  a  loaded  bar  (Fig.  6— 2)  is  demonstrating  equi¬ 
librium  of  a  different  sort.  Here  the  forces  are  either  upward  or  downward. 
Parallel  forces  are  operating  in  this  case. 

Of  course  circus  performers  do  not  study  physics  to  learn  how  to  produce 
equilibrium.  They  learn  by  trial  and  error  to  get  the  “feel”  of  a  balanced 
situation,  just  as  a  baby  learns  to  keep  its  balance  when  walking,  or  you  learn 
how  to  stay  up  on  ice  skates  or  how  to  walk  along  the  top  of  a  fence.  A  bridge 
designer,  on  the  other  hand,  needs  a  great  deal  of  exact  mathematical  knowl¬ 
edge  about  equilibrium  to  design  a  bridge  such  as  that  in  Fig.  6-3  in  which 
concurrent  and  parallel  forces  work  together  to  keep  the  structure  safe.  In 
this  chapter  you  will  learn  about  concurrent  and  parallel  forces  and  about  how 
each  type  produces  equilibrium. 


The  Resultant  of 

6-1  Vector  diagrams  represent  forces. 

In  Chapter  1  you  learned  several  ways  to 
add  velocity  vectors.  Force  vectors  can  be 
added  in  exactly  the  same  way,  and  the  vec¬ 
tor  sum  is  again  called  the  resultant.  The 
rules  for  adding  vectors  given  in  Chapter  1 
are  repeated  here: 


Concurrent  Forces 

1.  Represent  each  vector  quantity  by  an 
arrow  with  its  length  and  direction 
representing  the  magnitude  and  direc¬ 
tion  of  the  vector. 

2.  If  the  vectors  are  in  the  same  or  oppo¬ 
site  direction,  add  their  numerical  val¬ 
ues,  noting  the  signs  of  the  vectors. 
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Fig  ure  6—1  The  performers  at  the 
right  are  demonstrating  concurrent 
forces.  The  vector  diagram  sim¬ 
plifies  the  situation  by  leaving  out 
the  performer  at  the  back  because 
it  is  impossible  to  make  a  3-dimen¬ 
sional  vector  diagram  on  a  2-di¬ 
mensional  piece  of  paper. 


upward  force 
j  i  exerted  by  the 
supporting  rope 


force  exerted  by 
performer  pulling 
at  side 


force  exerted 
by  performer 
pulling  at  side 


weight  of 
performer 


3.  If  the  vectors  are  at  an  angle  to  each 
other,  add  them  by  completing  the 
parallelogram  and  determining  the 
length  and  direction  of  the  diagonal 
drawn  from  the  point  at  which  the 
bases  of  the  original  arrows  touch.  Do 
this  either  by  making  a  scale  drawing 
or  by  the  use  of  geometry  or  trigonom¬ 
etry. 

You  may  wish  to  refresh  your  mind  about 
how  to  find  a  resultant  by  studying  again 
the  problems  solved  in  Figs.  1-1,  1-2,  1-3, 
and  1^4. 

Although  concurrent  forces  act  at  a  point, 
the  point  is  not  always  obvious.  In  Fig. 
6-4  the  forces  are  concurrent  even  though 
you  do  not  see  the  wires  intersecting.  Each 
of  the  wires  pulls  outward  and  upward  on 
the  traffic  light,  and  the  mass  of  earth  ex- 

Figure  6-2  The  strong  man  exerts  two  par¬ 
allel  upward  forces.  These  are  opposed  by 
the  parallel  downward  forces  of  the  weights 
of  the  bar  and  the  people  standing  on  it. 


erts  a  gravitational  pull  downward.  In  the 
vector  diagram  you  see  that  if  the  arrows 
representing  the  forces  are  extended,  they 
intersect  at  a  single  point.  The  line  of  ac¬ 
tion  of  a  force  may  be  extended  in  either 
direction  in  order  to  find  out  where  it 
crosses  other  lines  of  action.  Whenever  the 
lines  of  action  of  a  group  of  force  vectors 
intersect  at  a  single  point,  the  forces  are 
concurrent 


Figure  6-3  The  designer  of  this  bridge  had  to 
take  the  effects  of  many  forces  into  account. 


FORCES  IN  EQUILIBRIUM 
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Figure  6-4  The  vector  diagram 
at  the  left  shows  that  the 
forces  acting  on  the  light  at  the 
left  are  really  concurrent.  The 
dotted  lines  show  the  lines  of 
action  of  the  forces. 


6-2  Concurrent  forces  with  a  resultant 
of  zero  produce  equilibrium.  The  airplane 
in  Fig.  6-5  is  flying  with  uniform  velocity, 
that  is,  with  constant  speed  in  a  straight 
line.  The  four  forces  acting  on  the  plane 
are  indicated  in  the  diagram.  What  is  the 
resultant  of  these  forces?  The  upward  lift 
is  exactly  equal  to  the  downward  gravita¬ 
tional  pull  of  the  earth.  These  add  up  to 
zero.  The  forward  thrust  is  exactly  equal  to 
the  backward  drag.  These,  too,  add  up  to 
zero.  The  resultant  of  the  four  forces  is 
zero.  There  is  no  unbalanced  force  acting 
on  the  plane  and  in  accordance  with 
Newton’s  first  law,  the  plane  proceeds  with 
uniform  velocity. 

Concurrent  forces  acting  on  an  object 
produce  equilibrium  when  their  resultant  is 
zero.  An  object  in  equilibrium  may  be  mov¬ 
ing  with  uniform  velocity,  like  the  plane,  or 
it  may  be  stationary,  like  the  street  light  of 
Fig.  6-4  or  the  bridge  of  Fig.  6-3. 

The  resultant  is  the  vector  sum  of  the 
forces  acting,  and  can  be  written  as 

R  =  2F 

where  2  is  a  symbol  meaning  “the  sum  of 
and  the  arrow  over  the  R  and  the  F  reminds 
you  that  this  is  a  sum  of  vectors,  not  just  of 
numbers.  For  equilibrium,  then: 

ZF  =  0 


When  F  is  written  without  an  arrow,  only 
the  magnitude  of  the  force  is  meant. 

6-3  The  equilibrant  is  equal  to  and 
opposite  to  the  resultant.  When  you  have 
found  the  resultant  of  two  or  more  forces, 
you  have  found  the  single  force  which,  act¬ 
ing  alone,  could  produce  exactly  the  same 
result  as  the  two  or  more  forces  that  you 

Figure  6-5  In  this  diagram  the  forces  exerted 
on  a  flying  airplane  are  illustrated  with 
vectors.  Note  that  opposite  forces  are  equal 
and  therefore  cancel  each  other.  Conse¬ 
quently,  the  airplane  is  flying  at  constant 


100  gf 


a.  The  resultant  of  these  two  forces  is  found 
by  completing  the  parallelogram. 


R 


E 


b.  The  resultant  acting  alone  produces  the 
same  effect  as  the  two  forces  (100  gf 
and  75  gf)  acting  together. 


c.  A  force  that  is  equal  to  the  resultant  in  magnitude,  but 
opposite  in  direction,  will  produce  equilibrium.  This  force 
is  the  equilibrant,  E. 


d.  Since  the  resultant  has  the  same  effect  alone  as  the 
100  gf  and  75  gf  forces  acting  together,  the  same 
equilibrant  produces  equilibrium  when  it  is  combined 
with  the  two  original  forces. 


started  with.  In  Fig.  6-6a,  the  force  marked 
R  could  replace  the  100-gf  and  75-gf  forces, 
and  the  result  would  be  the  same.  In  Fig. 
6-6b,  this  single  force  is  shown.  The  addi¬ 
tional  force  necessary  to  produce  equilib¬ 
rium  is  exactly  equal  in  magnitude  to  R,  but 
in  the  opposite  direction,  as  shown  in  Fig. 
6— 6c.  This  equilibrant,  as  it  is  called,  will 
also  produce  equilibrium  when  it  acts  with 
the  75-gf  and  the  100-gf  forces,  since  they 
have  the  same  effect  together  as  R  has 
alone  (Fig.  6-6d). 


6-4  The  equilibrant  may  be  used  to 
solve  problems.  When  several  concurrent 
forces  are  in  equilibrium,  any  one  of  them 
is  the  equilibrant  of  the  sum  ( or  resultant ) 
of  the  others.  This  is  useful  in  solving  prob¬ 
lems.  For  example,  suppose  that  a  load  on 
a  cable  is  to  be  pulled  aside  as  shown  in 
Fig.  6-7a  on  p.  143.  The  problem  is  to  de¬ 
termine  the  tension  in  the  supporting  cable. 
To  solve  this  problem,  follow  these  steps: 

1.  Identify  the  object  on  which  the  forces 
act.  In  this  case  it  is  the  part  of  the 
cable  to  which  the  horizontal  chain  is 
attached. 

2.  If  the  forces  are  concurrent,  represent 
the  object  on  which  the  forces  act  by 
a  point;  draw  the  known  vectors.  If 
you  are  solving  the  problem  from  a 
scale  drawing,  do  this  very  carefully. 
Otherwise  a  sketch  will  do.  This  step 
is  shown  in  Fig.  6-7b. 

3.  Use  the  diagram  to  find  the  unknown 
quantity.  In  Fig.  6-7c  the  resultant  is 
found  by  completing  the  parallelo¬ 
gram.  Since  the  load  is  not  moving, 
after  being  pulled  aside,  the  forces  are 
in  equilibrium  and  therefore  the  ten¬ 
sion  in  the  supporting  cable  is  the 
equilibrant  of  the  sum  (or  resultant) 
of  the  other  forces. 

4.  Determine  the  answer  by  measure¬ 
ment  of  the  scale  drawing  or  by  com¬ 
putation,  as  shown  in  Fig.  6-7. 


Self  Check 


1.  What  is  the  resultant  of  a  40-N  force  due 
north  and  a  10-N  force  due  south? 

2.  What  is  the  equilibrant  of  two  forces  to¬ 
ward  the  east,  one  of  6  lb  and  the  other  of 
81b? 

3.  A  load  is  supported  by  two  ropes  attached 
to  a  ring  in  the  top  of  the  load.  Are  the 
forces  concurrent? 

4.  A  bridge  is  supported  by  vertical  pillars. 
Are  the  forces  on  the  bridge  concurrent? 
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200  lb 


600  lb 


a.  A  load  on  a  cable 
is  pulled  aside  by 
a  force  of  200  lb. 


b.  This  is  a  vector  dia¬ 
gram  listing  the 
known  information. 


c.  The  diagram  is  com¬ 
pleted.  The  resultant 
is  found  either  by 
measuring  a  scale 
drawing  or  by  com¬ 
putation.  The  ten¬ 
sion  in  the  cable  is 
equal  and  opposite 
to  the  resultant. 
Therefore  it  is  630 
lb  at  an  angle  of 
18.4°  with  the  ver¬ 
tical  as  shown. 


The  resultant  can  be  computed  from  diagram  c  as  follows: 

R2  =  (600  lb)2  +  (200  lb)2 

=  360,000  lb2  +  40,000  lb2  =  400,000  lb2 

R  =  630  lb 

200  lb  n  „„„ 
tan  Z.BOC  =  £oolb  =  0'333 

BOC  =18.4° 


5.  The  resultant  of  a  group  of  forces  is  a  force 
of  25  kgf  directed  vertically  upward.  What 
is  the  equilibrant  of  the  forces? 

6.  The  resultant  of  two  forces  of  4  lb  each  is 
a  force  of  6  lb.  What  single  force  can  be 
added  to  produce  equilibrium? 

7.  Draw  a  vector  diagram  to  represent  the 
resultant  and  equilibrant  of  a  force  of  30  N 
and  a  force  of  40  N  at  light  angles  to  each 
other,  and  compute  the  values  of  each. 


Problems 


For  Problems  1-5  (a)  find  the  resultant; 
(b)  state  whether  or  not  there  will  be  equilib¬ 
rium  and  what  kind  of  motion,  if  any,  the 
forces  produce;  (c)  find  the  equilibrant. 

1 .  A  force  of  80  lb  upward  is  exerted  on 
a  70-lb  ball. 

2.  A  spring  is  pulled  downward  with  a 
force  of  30  N.  Internal  forces  in  the  spring 
cause  an  upward  pull  of  30  N. 

3.  Two  ropes  tied  to  a  load  make  an 
angle  of  120°  with  each  other.  Each  rope 
exerts  a  force  of  500  N. 

4.  A  ball  is  sent  upward  by  a  5.0-lb  ver¬ 
tical  push.  It  weighs  2.0  lb  and  the  wind  ex¬ 
erts  a  horizontal  push  of  1.0  lb. 

5.  When  the  5.0-lb  push  of  Problem  4 
no  longer  acts,  what  is  the  resultant? 

6.  A  child  in  a  swing  is  pulled  back  by 
an  adult  who  exerts  a  horizontal  force  of  25  lb. 
If  the  child  weighs  60  lb,  what  is  the  tension 
in  each  of  the  two  supporting  ropes? 

7.  A  speedboat  pulls  two  water  skiers  at 
the  same  time.  The  ropes  held  by  the  skiers 
make  an  angle  of  90°  with  each  other,  and 
the  tension  in  each  rope  is  30  kgf.  If  the  boat 
is  moving  with  uniform  speed  in  a  straight 
line,  what  force  must  it  be  exerting  in  order 
to  keep  the  skiers  moving.  (Note  that  this 
does  not  include  the  force  exerted  to  keep 
the  boat  moving  too,  just  the  part  of  the 
force  necessary  to  move  the 
skiers.) 

8.  A  10-lb  picture  is  hung 
by  cords  as  shown.  Find  the 
tension  in  the  cords. 


Figure  6—7  These  diagrams  show  how  to 
find  the  resultant  and  equilibrant  of  two  forces. 
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Components  of  a  Force 


6-5  A  single  force  may  be  broken  into 
components.  You  have  seen  that  two  vector 
forces  can  be  added  to  find  the  vector  or 
resultant,  R.  The  vectors  are  called  the 
components  of  R.  They  are  the  forces  that, 
when  combined,  produce  the  same  effect  as 
R. 

Conversely,  a  single  force  can  be  consid¬ 
ered  as  a  resultant  produced  by  a  pair  of 
component  forces.  Knowing  the  single 

■ — > 

Figure  6—8  The  force  R,  at  the  top,  can  be 
broken  into  an  infinite  number  of  pairs  of 
components.  Four  possibilities  are  illustrated 
here. 


R 


force,  you  can  find  its  components,  as  you 
learned  in  Chapter  3  (pages  57-60).  And 
the  amazing  and  delightful  fact  about  com¬ 
ponents  is  that  you  can  select  them  in  any 
direction  you  wish.  In  Fig.  6-8  you  see  a 
force  labeled  R.  Each  drawing  shown  be¬ 
low  this  single  force  represents  a  different 
pair  of  components  of  the  force  R.  There 
is  no  limit  to  the  number  of  such  pairs. 

The  fact  that  a  force  may  have  an  infinite 
number  of  pairs  of  components  is  a  very 
useful  one.  For  example,  look  at  Fig.  6-9. 
A  load  of  cement  is  to  be  transported  across 
a  canyon  where  a  dam  is  being  constructed. 
The  weight  of  the  load  is  known,  and  so  are 
the  angles  at  which  the  supporting  cables 
will  be  stretched.  The  problem  is  to  find 
the  force  of  the  tension  in  each  cable,  so 
that  a  strong  enough  cable  can  be  used. 

The  vector  diagram  at  the  right  of  Fig. 
6-9  shows  how  this  problem  can  be  solved. 
The  weight  of  the  load  is  a  downward  force 
of  15  tons.  It  is  drawn  as  a  vector  AR.  An 
upward  force  of  15  tons  would  just  balance 
this  force.  It  is  therefore  drawn  as  the  vec¬ 
tor  AC.  The  components  of  AC,  in  the  di¬ 
rections  of  the  two  cables,  will  be  equal  to 
the  tensions.  Therefore  lines  of  indefinite 
length,  AD  and  AE,  are  drawn.  Now  you 
can  proceed  to  construct  the  familiar  force 
parallelogram.  This  time,  since  the  result¬ 
ant  is  known  but  not  the  components,  you 
start  at  the  head  of  the  resultant  ( point  C ) 
and  construct  lines  ( dotted )  parallel  to  AD 
and  AE.  The  segments  they  mark  off,  AF 
and  AG,  are  the  component  vectors.  Their 
lengths  can  be  measured  to  find  the  tension 
in  each  cable.  Notice  that  the  tensions  are 
given  by  the  lengths  of  the  vectors  in  tire 
parallelogram.  They  are  not  given  by  the 
lengths  of  the  cable.  As  a  matter  of  fact, 
when  cables  supporting  a  weight  are  not 


FORCES  IN  EQUILIBRIUM 


145 


Figure  6—9  The  problem  here  is  to  compute  the  tension  in  each  cable.  The  diagram  is  set 
up  as  at  right,  with  a  scale  of  1  unit  equal  to  5  tons.  The  dotted  lines  are  constructed 
to  form  a  force  parallelogram.  This  determines  the  lengths  of  the  vectors  AF  and  AG,  and 
from  these  lengths  you  can  determine  their  magnitudes.  Vector  AG  represents  about 
21  tons,  while  vector  AF  represents  about  22  tons. 


equal  in  length,  the  steeper  one  has  the 
greater  tension  (Fig.  6-10),  and  this  is 
often  the  shorter  cable. 

The  original  15  tons  could  have  been 
broken  up  into  any  one  of  an  infinite  num¬ 
ber  of  possible  pairs  of  components.  But 
the  problem  at  hand  requires  that  you 
choose  the  pair  whose  directions  correspond 
to  those  of  the  supporting  cables. 


Thus  to  find  components  of  a  force: 

1.  Diagram  the  force  and  the  directions 
of  the  two  desired  components. 

2.  From  the  head  of  the  arrow  represent¬ 
ing  the  given  force,  draw  lines  parallel 
to  the  components,  thus  making  a  par¬ 
allelogram  of  forces. 

3.  Measure  or  compute  the  magnitude  of 
the  components. 


Figure  6-10  This  load  is  supported  by  two  cables.  The  more  nearly  vertical  cable  supports 
more  of  the  weight  and  therefore  has  the  greater  tension,  even  though  it  is  the  shorter 
cable.  This  fact  is  illustrated  by  the  vector  diagram. 


2000  lb 


2000-lb  weight  of  load 


Figure  6-1 1  In  this  problem,  the  weight  of  1  200  lb  is  broken  up,  or  analyzed,  into  two 
component  forces.  Here  the  forces  selected  are  the  ones  you  want  to  know  about  —  the 
one  which  the  deck  hands  must  exert  (parallel  to  the  ramp)  and  the  one  which  tends  to 
break  the  ramp  (perpendicular  to  it.)  The  solution  is  mathematical,  as  shown  in  the  diagram 
at  right  and  explained  in  the  text. 


6-6  Components  at  right  angles  may 
be  determined  by  geometry.  Figure  6-11 
shows  a  1200-lb  steel  tank  being  loaded 
aboard  ship.  Several  men  must  push  it  up 
a  ramp  from  the  pier  to  the  deck.  Two 
questions  arise:  (1)  How  many  men  are 
required  if  each  one  can  exert  150  lb  of 
force?  (2)  Will  the  ramp  break?  To  an¬ 
swer  the  first  question,  you  must  know  the 
force  component  parallel  to  the  ramp;  to 
answer  the  second,  you  must  know  the  force 
component  perpendicular  to  the  ramp.  You 
can  answer  the  questions  by  finding  these 
components  of  the  1200-lb  load.  Assume 
that  the  force  of  friction  is  so  small  that  it 
can  be  neglected. 

Now  follow  the  steps  listed  on  p.  145: 

1.  Draw  the  ramp  to  scale  (AB  in  Fig. 
6-11)  and  label  its  length  and  height, 
which  are  20.0  ft  and  4.0  ft.  Draw  a 
vector,  Z W,  representing  the  weight  of 
the  tank.  It  is  better  not  to  place  Z 
directly  on  the  ramp,  because  ZW  rep¬ 
resents  1200  pounds  while  AB  repre¬ 
sents  20.0  feet,  and  it  is  better  not  to 
get  the  two  kinds  of  units  mixed  up. 

You  are  interested  in  the  components 
of  ZW  parallel  to  and  perpendicular  to 
the  slope.  Therefore  draw  two  lines  of 
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indefinite  length,  one  ( ZQ )  parallel  to 
the  slope  and  the  other  (ZP)  perpen¬ 
dicular  to  it. 

2.  From  the  head  of  the  arrow  at  W, 
draw  lines  parallel  to  ZQ  and  ZP,  com¬ 
pleting  the  parallelogram.  ZY  and  ZX 
are  the  two  desired  components. 

3.  If  you  have  drawn  the  diagram  care¬ 
fully  to  scale,  you  find  that  ZY  is  2.4  X 
102'lb  and  ZX  is  1.18  X  103lb.  ZY  is 
the  component  of  the  weight  that  tends 
to  make  the  load  slide  down  the  ramp. 
It  must  be  opposed  by  an  equal  force 
supplied  by  the  men.  Therefore  2  men 
will  be  needed. 

This  problem  can  also  be  solved  by  ge¬ 
ometry.  Notice  that  there  are  two  similar 
triangles,  ABC,  the  ramp  triangle,  and 
ZWX,  the  force  triangle.  You  know  two 
sides  of  the  ramp  triangle  and  can  easily 
compute  the  third  one  thus: 

AB2  —  BC2  +  AC2 

AC2  =  AB2  -  BC2  =  (20.0  ft)2  -  (4.0  ft)2 
=  400  ft2  -  16  ft2  =  384  ft2 

AC  -  19.6  ft 

In  the  force  triangle  you  know  that  ZW  is 
1200  lb.  Since  the  two  triangles  are  similar, 
the  corresponding  sides  are  proportional. 


Therefore: 
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ZX  _  AC 
ZW  ~  AB 

ZX  _  1  9.6  ft 
1200  lb  ~~  20.0  ft 


ZX 


19.6  X  1200  lb 
20.0 


=  1.18  X  103  lb 


This  is  the  force  that  tends  to  break  the 
ramp.  The  force  required  to  pull  the  tank 
up  the  ramp  can  be  determined  in  a  similar 
manner. 


ZY  _  BC 
ZW  ~  AB 


ZY  _  4.0  ft 
1200  lb  ~~  20.0  ft 


ZY 


4,0  X  1200  lb 
20.0 


-  2.4  X  1  02  lb 


Self  Check 


1 .  Draw  a  vector  representing  a  force  of  100  N 
at  an  angle  of  30°  with  the  horizontal,  and 
show  its  vertical  and  horizontal  components. 

2.  Draw  a  vector  representing  a  force  of  100  N 
at  an  angle  of  30°  with  the  horizontal,  and 
show  the  components  of  this  force  along  a 
slope  at  an  angle  of  20°  with  the  horizontal 
and  perpendicular  to  this  slope. 

3.  Draw  a  vector  representing  a  vertical  force 
of  100  N,  and  show  the  components  of  this 
force  along  a  slope  at  an  angle  of  30°  with 
the  horizontal  and  perpendicular  to  this 
slope. 

4.  How  many  pairs  of  components  can  be 
drawn  for  a  single  force? 

5.  What  is  the  vertical  component  of  a  ver¬ 
tical  force  of  10  N? 

6.  What  is  the  horizontal  component  of  a  ver¬ 
tical  force  of  10  N? 

7.  What  is  the  difference  between  ZW  and 


Problems 


O  1  •  The  light  in  Fig.  6-4  weighs  50  lb  and 
the  cables  make  an  angle  of  30°  with  the  hori¬ 
zontal.  What  is  the  tension  in  each  cable? 

2.  A  100-kgf  load  hangs  from  the  end  of 
a  boom  as  shown  in  Fig.  6-12.  Find  the  pull 


(tension)  of  the  chain  and  the  push  (compres¬ 
sion)  of  the  boom  on  the  point  from  which  the 
load  is  suspended. 

3.  A  car  weighs  2500  lb.  What  force 
must  be  supplied  to  send  it  up  a  slope  that  rises 
5.00  ft  for  every  100  ft  along  the  slope?  With 
what  force  does  the  car  press  on  the  road?  As¬ 
sume  that  forces  of  friction  and  air  resistance 
are  too  small  to  matter. 

4.  A  street  light  is  supported  as  shown  in 
the  diagram.  If  the  light  weighs  4  kgf,  what 
are  the  forces  in  the  two  rods  from  which  the 
light  hangs?  Forces  in  the  rigid  vertical  post 
are  not  considered  in  this  problem.  When  you 
make  your  force  diagram,  ask  yourself  whether 
the  rod  you  are  considering  is  pushing  or  pull¬ 
ing  on  the  point  from  which  the  light  hangs. 
If  this  is  a  hard  question  to  decide,  then  ask 
whether  a  chain  could  be  substituted  for  the 
rod.  If  the  answer  is  “yes”  then  the  force  is  a 
pull;  if  the  answer  is  “no”  then  the  force  is  a 


ZW? 
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Discussion  Questions 


1 .  Which  is  more  likely  to  break,  a  clothesline 
pulled  tight,  or  one  that  sags?  Why? 


2.  Suspension  bridges  like  that  in  Fig.  6-3 
have  high  towers  and  large  amount  of  dip 
in  the  cables.  Why  is  this  preferred  to  lower 
towers  and  straighter  cables? 

3.  Which  is  harder  to  push,  a  lawn  mower  with 
a  short  handle,  or  one  with  a  long  handle? 
Why? 


Using  Trigonometry  in  Force  Problems 


Often  the  simplest  way  to  solve  problems 
involving  forces  is  by  the  use  of  trigonom¬ 
etry. 


6-7  Trigonometry  can  be  used  to  find 
components.  Suppose  that  a  2000-lb  car  is 
traveling  at  a  uniform  50  mi/hr  on  a  level 
road.  This  is  an  equilibrium  situation,  with 
the  forward  force  equalling  the  backward 
forces  of  friction  and  air  resistance.  Now 
the  road  starts  to  rise  at  an  angle  of  15.0°. 
What  additional  force  is  required  to  keep 
the  car  at  a  speed  of  50  mi/hr? 

To  solve  this  problem,  start  by  making  a 
sketch  of  the  situation  with  the  given  in¬ 
formation  (Fig.  6-13a).  Then,  following 
the  procedure  you  have  learned: 

1.  Represent  the  car  by  a  point  and  draw 
a  vector  representing  its  weight  ( OA 
in  Fig.  6-13b).  You  are  interested  in 
finding  the  component  of  this  force  in 
the  direction  of  the  slope.  Therefore 
you  draw  two  lines  of  indefinite  length, 
one  ( OB )  parallel  to  the  slope  and  one 
( OC )  perpendicular  to  it. 


2.  Starting  from  the  head  of  the  arrow  at 
A,  complete  the  parallelogram  which, 
in  this  case,  is  a  rectangle.  The  vector, 
F,  is  the  component  of  the  weight  of 
the  car  that  acts  down  the  slope.  If 
the  car  is  to  climb  the  hill,  an  extra 
force  equal  to  F  must  be  supplied.  In 
the  triangle  OAD,  the  angle  at  A  is  the 
same  as  the  angle  of  the  slope,  so  it  has 
been  marked  15.0°. 

3.  Now  use  the  diagram  to  find  the  un¬ 
known  force,  F.  The  triangle  OAD  is 
a  right  triangle.  You  know  that  the 
angle  at  A  is  15.0°  and  that  the  hy¬ 
potenuse  is  2000  lb.  You  wish  to  find 
the  value  of  the  side  opposite  the  15.0° 
angle.  This  suggests  that  you  use  the 
sine  of  the  angle: 


side  opposite 

-  =  sin  A 

hypotenuse 


F 

2000  lb  ~ 

F  = 


sin  15.0° 
518  lb 


0.259 


Figure  6-13 


2000  lb 


\ 


Figure  6—14  Trigonometric  functions  are  used  here  to  find  a  resultant.  The  method  is 
explained  in  the  text. 


6-8  Trigonometry  can  be  used  to  find 
the  resultant.  A  force  of  100  gf  acts  at  an 
angle  of  25.0°  from  a  force  of  200  gf.  The 
problem  is  to  find  the  magnitude  and  direc¬ 
tion  of  the  resultant. 

First  make  a  diagram  to  show  the  condi¬ 
tions  of  the  problem  (Fig.  6-14a).  If  you 
solve  this  problem  by  trigonometry,  do  not 
make  a  parallelogram  with  these  two  forces. 
Instead  find  two  components  of  the  100-gf 
force,  one  in  the  direction  of  the  200-gf 
force,  and  one  perpendicular  to  it  (Fig.  6- 
14b).  These  components  have  been  labelled 
Fx  (horizontal  force)  and  Fy  (vertical 
force).  Since  opposite  sides  of  the  rec¬ 
tangle  are  equal,  BC  is  also  equal  to  Fy.  In 
the  triangle  ABC : 


- v—  -  sin  25.0°  =  0.423 

100  gf 

Fy  =  42.3  gf 

- —  =  cos  25.0°  =  0.906 

100  gf 


F x  =  90.6  gf 


Horizontal  Vertical 

Force  Component  Component 

100  gf  91  gf  42.3  gf 

200  gf  200  gf  0 

Resultant  291  gf  42.3  gf 


These  totals  can  be  represented  in  a  new 
parallelogram  (Fig.  6-14c).  Since  this  is  a 
rectangle,  you  can  use  the  geometry  of  the 
triangle  to  find  the  resultant: 


R2  =  (42.3  gf)2  +  (291  gf)2 
=  1790  gf2  +  84,700  gf2 
=  8.65  X  104  gf2 
R  =  294  gf 


Notice  that  in  the  solution  of  this  prob¬ 
lem,  the  results  were  rounded  off  to  three 
figures.  This  is  because  the  information 
given  was  accurate  to  three  significant 
digits  and  therefore  you  are  not  justified  in 
recording  more.  Next  you  can  use  your 
knowledge  of  the  tangent  of  an  angle  to 
find  the  angle  of  the  resultant: 


tan  .4 


A 


42.3  gf 
”  291  gf 

=  8.2° 


0.145 


The  200-gf  force  is  horizontal  and  so  has 
no  vertical  component. 

Now,  in  combining  the  two  original 
forces  given,  the  sum  of  the  horizontal  com¬ 
ponents  must  be  the  horizontal  component 
of  the  resultant,  and  the  sum  of  the  vertical 
components  must  be  the  vertical  compo¬ 
nent  of  the  resultant.  These  components 
are  added  in  the  next  column. 


Can  you  see  that  this  method  is  superior 
to  the  graphical  solution  you  learned  be¬ 
fore?  Can  you  see  how  it  can  be  used  to 
find  the  resultant  of  three  or  more  concur¬ 
rent  forces? 

6-9  Trigonometry  may  be  used  in 
equilibrium  problems.  The  airplane  in  Fig. 
6-5  (p.  141)  is  in  equilibrium  because  the 
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resultant  of  all  the  forces  acting  on  it  is 
zero.  You  check  this  by  adding  the  vertical 
forces : 

2400  lb  (lift)  —  2400  lb  (weight)  =  0 

and  then  by  adding  the  horizontal  forces: 

600  lb  (thrust)  —  600  lb  (drag)  =  0 

For  an  object  to  be  in  equilibrium,  the 
sum  of  the  components  of  the  forces  in  any 
direction  must  be  zero.  In  the  case  of  the 
airplane,  horizontal  and  vertical  compo¬ 
nents  were  added,  with  upward  vectors  and 
those  to  the  right  being  called  positive,  and 
downward  ones  and  those  to  the  left,  nega¬ 
tive.  Horizontal  and  vertical  components 
are  usually  (but  not  always)  used  in  force 
problems,  so  the  equilibrium  law  is  often 
written  as : 

For  equilibrium:  2FX  =  0 

S  Fy  =  0 

Remember  that  the  symbol  2  means  “the 
sum  of,”  Fx  means  horizontal  forces,  and  Fy 
means  vertical  forces. 

To  see  how  useful  trigonometry  can  be  in 
solving  an  equilibrium  problem,  consider 
the  situation  in  Fig.  6-15.  A  lamp  is  hung 
in  the  middle  of  the  street  by  cables  at¬ 
tached  to  the  roofs  of  buildings  of  unequal 
height;  the  angles  are  35.0°  and  25.0°.  The 
lamp  weighs  100  lb.  The  problem  is  to  find 
the  tension  in  each  of  the  cables. 


1.  Identify  the  object  on  which  the  forces 
act.  In  this  case,  it  is  the  point  where 
the  two  cables  and  the  support  of  the 
lamp  join. 

2.  Represent  the  object  by  a  point,  since 
the  forces  are  concurrent,  and  make  a 
vector  diagram  of  the  given  informa¬ 
tion  (Fig.  6-15b). 

3.  Complete  the  diagram  and  label  un¬ 
known  quantities  to  be  found.  Since 
the  solution  is  to  be  obtained  by  trigo¬ 
nometry,  a  sketch  rather  than  a  scale 
drawing  is  good  enough.  The  tensions 
in  the  cables,  Tj  and  T2,  are  indicated 
at  any  convenient  length,  and  no  par¬ 
allelogram  is  necessary  because  this 
problem  is  to  be  solved  by  using  com¬ 
ponents,  which  are  shown  in  the  draw¬ 
ing. 

4.  Determine  the  answer  by  computa¬ 
tion.  Set  up  equations,  using  the 
equilibrium  law.  Since  the  only  force 
known  is  a  vertical  one,  start  with 
2F„  =  0.  The  vertical  component  of 
Tx  is  labeled  FVi . 

F 

—  -  sin  35.0° 

Ti 

FVl  —  T i  sin  35.0° 

The  vertical  component  of  T2  is  found  in 
the  same  way  to  be  T2  sin  25.0°.  Both  of 
these  components  are  directed  up  and 
therefore  carry  a  positive  sign;  the  weight 


Figure  6—15  Trigonometric  functions  are  used  here  to  solve  an  equilibrium  problem.  The 
method  is  explained  in  the  text. 


a 


b 


151 


FORCES  IN  EQUILIBRIUM 


is  directed  down  and  carries  a  negative 
sign.  Therefore: 

ZFy  =  0 

T j  sin  35.0°  +  T2  sin  25.0°  —  1  00  lb  =  0 
0.57 AT i  +  0.423T2  -  100  lb  =  0 

This  equation  has  two  unknowns  and  so 
cannot  be  solved.  However,  similar  com¬ 
putations  for  the  horizontal  components 
will  give  the  other  equation  required. 

The  horizontal  component  of  Tx  is  found 
as  follows: 

F 

— =  cos  35.0° 

T  i 

FX1  =  Tl  cos  35.0° 

The  horizontal  component  of  T2  is  found  in 
the  same  way  to  be  T2  cos  25.0°. 

2  Fx  =  0 

T2  cos  25.0°  -  Tx  cos  35.0°  =  0 
0.906 T2  -  0.81 9TX  =  0 


2,  and  3  of  the  Self  Check  on  p.  147.  Do 
not  solve. 

Three  forces  have  vertical  and  horizontal  com¬ 
ponents  as  shown: 


Force 


A 

B 

C 


Vertical 

component 

20  lb 
20  lb 
151b 


Horizontal 

component 

5  lb 
25  lb 
15  lb 


2.  Which  force  makes  an  angle  of  more  than 
45°  with  the  horizontal? 

3.  Which  force  makes  an  angle  of  45°  with 
the  horizontal? 

4.  What  is  the  horizontal  component  of  the  re¬ 
sultant  of  these  forces? 

5.  What  is  the  vertical  component  of  the  re¬ 
sultant  of  these  forces? 

6.  Write  a  mathematical  expression  from  which 
you  could  compute  the  magnitude  of  the 
resultant. 

7.  Write  a  trigonometric  expression  from  which 
you  could  find  the  direction  of  the  resultant. 


Therefore 


T  2 


0.819 

- Tx 

0.906 


This  can  be  substituted  in  the  previous 
equation: 

0.819 

0.57 AT i  +  0.423  X  - Tx  =  100  lb 

0.906 

0.57 AT i  +  0.3827b  =  100  lb 
0.9567b  =  100  lb 
Ti  =  104  lb 

0.819 

T 2  =  -  X  104  lb  =  94.0  lb 

2  0.906 


Self  Check 


1 .  Write  trigonometric  expressions  for  the  com¬ 
ponents  you  drew  in  answer  to  Questions  1, 


Problems 


1.  Solve  Problem  8,  p.  143,  using  trigo¬ 
nometry. 

2.  A  picture  4.0  ft  wide  and  3.0  ft  high 
weighs  6.0  kgf.  The  supporting  wires  make  an 
angle  of  10°  with  the  horizontal.  What  must 
be  the  minimum  strength  of  the  wires? 

3.  Find  the  resultant  of  forces  of  50  N 
at  an  angle  of  25°  with  the  horizontal  and  80  N 
at  an  angle  of  70°  with  the  horizontal,  both 
angles  being  measured  counterclockwise  from 
a  horizontal  reference  line  that  runs  toward  the 
right. 


4.  Find  the  resultant  of  the  following 
forces,  all  measured  counterclockwise  from  a 
horizontal  reference  line  that  runs  toward  the 
right;  100  gf  at  20.0°;  200  gf  at  120.0°;  100  gf 
at  330.0°. 
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Parallel  Forces 


If  two  teams  engage  in  a  tug  of  war,  and 
both  pull  with  a  force  of  4001b  (Fig.  6- 
16a),  the  two  forces  balance  each  other 
and  there  is  equilibrium.  If,  however,  in¬ 
stead  of  pulling  on  opposite  ends  of  a  rope, 
the  two  teams  were  to  pull  on  opposite 
ends  of  a  long  board  pivoted  at  the  middle, 
as  shown  in  Fig.  6-16b,  even  though  the 
two  forces  are  still  equal,  there  would  not 
be  equilibrium.  The  board  would  rotate. 
In  the  first  case  the  forces  are  equal  in  mag¬ 
nitude,  opposite  in  direction,  and  concur¬ 
rent.  In  the  second  case,  although  the  forces 
are  still  equal  in  magnitude  and  opposite  in 
direction,  they  are  not  concurrent.  They  are 
parallel.  Equilibrium  with  parallel  forces 
involves  more  than  merely  providing  a  force 
resultant  that  is  equal  to  zero. 

6-10  Children  on  a  seesaw  learn  how 
to  balance  parallel  forces.  If  two  children 
have  about  the  same  weight,  they  can  bal¬ 
ance  if  they  sit  near  opposite  ends  of  the 
board.  If  a  heavy  child  and  a  light  child  sit 
on  opposite  ends,  however,  the  heavy  one 
pulls  his  end  down  and  the  light  one  stays 
up  in  the  air.  To  make  the  seesaw  balance, 
the  heavy  child  moves  in  toward  the  center. 
Apparently  equilibrium  with  parallel  forces 
involves  not  only  the  size  and  direction  of 
the  force,  but  also  its  distance  from  a  center 
of  rotation. 

Here  is  a  simple  experiment  to  show  how 
equilibrium  is  produced  with  parallel 
forces.  Suspend  a  meter  stick  as  shown  in 
Fig.  6-17,  and  hang  weights  from  it.  Four 
different  arrangements  (b,  d,  e,  and  f)  that 
result  in  equilibrium  are  shown.  The 

Figure  6—16 


weights  to  the  right  of  the  center  tend  to 
cause  the  stick  to  rotate  in  a  clockwise  di¬ 
rection,  while  those  on  the  left  tend  to  cause 
it  to  rotate  in  a  counterclockwise  direction. 
In  order  to  make  clear  the  rule  that  governs 
the  balancing,  the  information  from  the  ex¬ 
periment  can  be  put  in  the  form  of  a  chart: 


Distance 

Force 

from 

Kind  of 

(F) 

center  (L) 

F  XL 

Rotation 

gf 

cm 

gf  ■  cm 

Fig. 

6-1 7b 

Counter- 

clockwise 

100 

40 

4000 

Clockwise 

100 

40 

4000 

Fig. 

6-1 7d 

Counter- 

clockwise 

100 

20 

2000 

Clockwise 

50 

40 

2000 

Fig.  6—1 7e 

Counter- 

clockwise 

100 

10 

1000 

Clockwise 

25 

40 

1000 

Fig.  6-1 7f 

Counter- 

clockwise 

100 

20 

2000 

Clockwise 

50 

20 

1000 

Clockwise 

25 

40 

1000 

2000 

a 


b 
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60  70  80  90 
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a.  The  meter  stick  is  suspended  so  that  it 
balances.  Thus  its  weight  does  not  affect 
the  rotation. 


b.  When  two  1  00-gf  weights  are  hung  40  cm 
from  the  center,  one  to  the  right  and  one  to 
the  left,  the  stick  balances. 


c.  When  the  1 00-gf  weight  on  the  right  is 
replaced  by  a  50-gf  weight,  the  stick 
rotates  in  a  counterclockwise  direction. 


r  i  i  ~ 

i  ■  i  i  i  — 

~l 

100 

50 

d.  The  stick  balances  again  if  the  1 00-gf 
weight  is  moved  halfway  in,  so  that  it  is 
20  cm  from  the  center. 


■  i  ^ _ _ 

i 

1C 

)0 

5] 

e.  The  stick  also  balances  when  a  25-gf 
weight  is  hung  40  cm  from  the  center  and  a 
1 00-gf  weight  is  1  0  cm  from  the  center,  on 
the  other  side. 


f.  This  is  a  more  complicated  situation.  The 
stick  will  balance  when  the  weights  are 
hung  as  shown. 


In  the  last  column  of  the  chart  the  force 
has  been  multiplied  by  the  distance  from 
the  center  of  rotation.  Notice  that  in  each 
equilibrium  arrangement,  F  X  L  for  clock¬ 
wise  turning  is  equal  to  F  X  L  for  counter¬ 
clockwise  turning.  The  product  of  the  mag¬ 
nitude  of  the  force  and  the  perpendicular 
distance  from  the  center  of  rotation  to  the 
line  of  action  of  the  force  is  called  the 
moment  (or  torque)  of  the  force.  The  dis¬ 
tance  is  called  the  lever  arm  or  moment 
arm.  The  moment  of  a  force  is  a  measure 
of  its  effectiveness  in  causing  rotation.  The 
formula  for  the  moment  (M)  of  a  force  is: 

M  =  FL 

where  F  is  the  force  and  L  is  the  lever  arm. 

Notice  the  kinds  of  units  that  you  get  for 
the  moment  of  a  force.  If  the  force  is  in 
newtons  and  the  lever  arm  in  meters,  the 
unit  will  be  the  newton  meter.  This  sounds 
like  the  unit  of  work  called  the  joule,  but  it 
is  not.  In  the  case  of  work,  the  force  and 
the  distance  are  in  the  same  direction.  In 
the  case  of  a  moment,  they  are  at  right 
angles  to  each  other.  The  unit  of  work  and 
the  unit  of  moment  of  force  are  therefore 
not  the  same  thing,  although  their  names 
sound  alike.  You  may  say  that  the  moment 
of  a  force  is  20  newton  •  meters,  for  example, 
but  you  may  never  say  it  is  20  joules.  The 
joule  is  always  a  work  unit. 

6-11  Equilibrium  laws  apply  to  paral¬ 
lel  forces.  Look  again  at  the  meter  stick  of 
Fig.  6-17.  Two  downward  forces  are  act¬ 
ing,  but  the  meter  stick  does  not  fall  to  the 
ground.  This  is  because  the  support  is  sup¬ 
plying  an  upward  force  equal  to  the  sum  of 
the  two  downward  forces.  This  upward 
force  is  100  gf  +  50  gf,  or  150  gf.  The  equi¬ 
librium  law  for  concurrent  forces  also  ap¬ 
plies  here: 

2F  =  0 

In  addition,  as  you  saw  with  all  the  ex¬ 
amples  of  Fig.  6-17,  when  parallel  forces 


Figure  6-17  The  law  of  moments. 


Figure  6—18  This  force  dia¬ 
gram  illustrates  the  situation 
of  Fig.  6-17d. 


1 00  cm 


P 


i , 

-•-20  cm*  * 


40  cm 


produce  equilibrium,  the  sum  of  the  clock¬ 
wise  moments  equals  the  sum  of  the  coun¬ 
terclockwise  moments.  This  is  called  the 
law  of  moments,  and  can  be  written  as: 

2 M  (clockwise)  =  2 M  (counterclockwise). 

Some  people  prefer  to  think  of  the  clock¬ 
wise  moments  as  positive  and  the  counter¬ 
clockwise  ones  as  negative.  Then  they 
write  the  law  of  moments  as: 

2d/  =  0 

These  laws  apply  no  matter  where  you 
put  the  center  of  rotation.  Figure  6-18  il¬ 
lustrates  the  force  diagram  for  the  meter 
stick  of  Fig.  6--17d.  Here  it  is  natural  to 
think  of  the  point  of  support  as  the  center 
of  rotation.  This  point  has  been  marked 
with  a  triangle  and  is  usually  called  the 
fulcrum-  Around  this  point  the  50-gf  force 
tends  to  cause  a  clockwise  rotation  and  the 
100-gf  force  tends  to  cause  a  counterclock¬ 
wise  rotation.  If  you  use  these  figures  in 
the  law  of  moments  you  have: 

50  gf  X  40  cm  =  100  gf  X  20  cm 

2.0  X  103  gf  •  cm  =  2.0  X  103  gf  •  cm 

Now  suppose  you  take  the  point  from 
which  the  50-gf  weight  is  hung  as  the  ful¬ 
crum.  Around  this  point  the  150-gf  force 
tends  to  cause  a  clockwise  rotation,  while 
the  100-gf  force  tends  to  cause  a  counter¬ 
clockwise  rotation.  The  50-gf  force  can 
cause  no  rotation  about  this  point,  because 
it  runs  through  the  point  and  has  a  0  lever 
arm.  The  law  of  moments  equation  is: 

150  gf  X  40  cm  =  100  gf  X  60  cm 

6.0  X  103  gf  •  cm  =  6.0  X  1  03  gf  •  cm 

Again  the  law  checks. 


You  can  even  take  an  imaginary  point  for 
the  fulcrum,  one  that  is  not  even  on  the 
meter  stick.  Such  a  point  is  P  in  Fig.  6-18, 
100  cm  away  from  the  100-gf  force.  Around 
this  point  the  moments  of  the  100-gf  and 
50-gf  forces  are  clockwise  and  that  of  the 
150-gf  force  is  counterclockwise. 

1  00  gf  X  1  00  cm  +  50  gf  X  160  cm 

=  1  50  gf  X  1  20  cm 

1  0.0  X  1  03  gf  •  cm  +  8.0  X  1  03  gf  •  cm 

=  1  8.0  X  1  03  gf  •  cm 
1  8.0  X  1  03  gf  •  cm  =  1  8.0  X  1  03  gf  •  cm 

Again  the  law  checks. 

When  you  solve  a  problem  involving  mo¬ 
ments,  use  any  convenient  point  for  the 
fulcrum.  Then  check  the  accuracy  of  your 
answer  by  using  some  other  point  of  rota¬ 
tion. 

The  steps  in  solving  a  problem  involving 
forces  that  are  not  concurrent  are  shown  in 
Fig.  6-19.  They  are  very  similar  to  the 
steps  given  on  p.  150  for  concurrent  forces. 

6-12  The  lever  arm  is  not  always  ob¬ 
vious.  If  you  wish  to  open  a  door,  you 
usually  pull  straight  out  on  the  knob.  If 
you  reach  over  to  pull  the  door  at  an  angle 
other  than  90°,  you  find  that  it  is  more  diffi¬ 
cult  to  open  the  door.  This  is  because  you 
have  shortened  the  lever  arm  and  therefore 
need  a  greater  force  to  produce  the  same 
moment.  Figure  6-20  illustrates  this  fact. 
The  lever  arm  is  the  perpendicular  distance 
from  the  point  of  rotation  to  the  line  along 
which  the  force  acts.  Sometimes  you  have 
to  extend  the  line  of  action  of  the  force  in 
order  to  draw  the  lever  arm. 

The  law  of  moments  applies  even  when 
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6.0  ft- 


I 


3.0  lb 


A  man  holds  a  6.0  ft  pole  horizontally  with  both  hands,  one  at  the 
end  and  the  other  hand  1 .0  ft  from  the  end.  He  has  just  caught  a 
3.0  lb  fish.  The  pole  weighs  2.0  lb  and  you  can  consider  its  weight 
to  be  concentrated  2.0  ft  from  the  end  near  the  man’s  hands. 
What  is  the  force  exerted  by  each  hand? 


-4.0  ft- 


'  r 

2.0  lb 


3.0  lb 


f2 


The  solution  of  this  problem  follows  the  steps  given 
on  p.  142,  with  a  modification  to  take  care  of  the 
fact  that  the  forces  are  not  concurrent. 

1 .  Identify  the  object  on  which  the  forces  act.  In 
this  case  it  is  the  fish  pole. 

2.  If  the  forces  are  concurrent,  the  object  is  repre¬ 
sented  by  a  point.  Here  the  forces  are  not  con¬ 
current,  so  the  object  is  represented  by  a  line  with  the 
distances  marked  out  and  the  known  forces  listed. 


3.  Complete  the  diagram  and  label  unknown 
quantities  to  be  found.  Remember  that  the  forces  act 
on  the  pole,  not  on  the  hands  or  on  the  fish.  The  hand 
on  the  end  of  the  pole  pushes  down  on  the  pole. 
The  hand  1.0  ft  from  the  end  pulls  up  on  the  pole. 


4.  Determine  the  answer  by  computation, 
identified  in  your  solution  ): 


Taking  moments  around  the  left  end  (  the  center  of  rotation  must  be 


F2  X  1 .0  ft  =  2.0  lb  X  2.0  ft  +  3.0  lb  X  6.0  ft  =  22  lb-ft  • 
F2  =  22  lb,  Answer 

2  F  =  0 

F2  -  F i  -  2.0  lb  -  3.0  lb  =  0 
221b  —  Fx  -  5.01b  =  0 

Fy  -  171b,  Answer 


Check  the  problem  by  taking  moments  around  the 
right  end  or  some  other  suitable  points: 

F2  X  5.0  ft  =  F,  X  6.0  ft  +  2.0  lb  X  4.0  ft 
22  lb  X  5.0  ft  =  1 7  lb  X  6.0  ft  +  8.0  lb-ft 
110  lb-ft  =  1 02  lb-ft  -f  8  lb-ft 
1 1 0  lb-ft  =110  lb-ft.  Check 


Figure  6-19  How  to  solve  a  problem  when  the  forces  are  not  concurrent. 


Figure  6-20  The  manner  in  which  the  length  of  a  lever  arm  changes  when  the  angle  of 
the  force  changes  is  shown  here.  These  are  drawings  of  a  door  as  seen  from  above  with 
the  hinge  at  the  right  and  the  knob  at  the  left.  In  each  case,  L  is  the  lever  arm.  Notice 
that  L  is  not  always  the  distance  along  the  door  from  the  hinge  to  the  knob.  Instead,  it 
is  the  perpendicular  distance  from  the  hinge  to  the  line  along  which  the  force  acts.  In 
b  and  c  the  force  must  be  greater  than  in  a  to  produce  the  same  torque,  because  L  is 


smaller. 


F 


a 


b 


c 


Figure  6-21 


1 


the  forces  are  not  parallel.  Figure  6-21 
shows  a  sign  with  the  supports  that  hold  it 
up.  The  diagram  at  the  right  shows  the 
forces  acting  on  the  horizontal  rod.  If  you 
want  to  use  the  law  of  moments  to  find  the 
force  in  the  chain,  you  need  to  know  the 
lever  arms.  The  lever  arms  for  the  two 
50-lb  forces,  taking  the  left-hand  end  as  the 
fulcrum,  are  1  ft  and  5  ft.  The  lever  arm  for 
the  force  in  the  chain  is  the  distance  OA. 


1 0.  Copy  this  drawing  and  show  the  lever 
arms  of  the  forces  around  the  indicated 
point  P. 


Problems 


Self  Check 


1 .  A  20-lb  weight  is  hung  on  the  end  of  a 
horizontal  pole  10  ft  long.  What  is  the 
moment  of  the  force  around  the  other  end 
of  the  pole? 

2.  What  is  the  moment  of  the  force  of  Ques¬ 
tion  1  around  the  center  of  the  pole? 

3.  What  is  another  name  for  moment? 

4.  Define  the  lever  arm  of  a  force. 

5.  If  moments  acting  on  an  object  are  not 
balanced,  what  is  the  result? 

6.  State  in  words  the  two  equilibrium  laws 
for  parallel  forces. 

7.  State  the  two  equilibrium  laws  for  paral¬ 
lel  forces  in  mathematical  form. 

8.  Which  produces  a  greater  moment,  a  force 
of  10  N  with  a  lever  aim  of  3  m  or  a  force 
of  8  N  with  a  lever  arm  of  4  m? 

9.  What  additional  moment  will  produce 
equilibrium  if  a  clockwise  force  of  3  lb  at 
2  ft  from  a  fulcrum  is  opposed  by  a  coun¬ 
terclockwise  force  of  4  lb  at  1  ft  from  a 
fulcrum? 


Every  time  you  write  an  equation,  tell 
where  you  have  put  the  point  of  rotation. 

1.  Check  the  law  of  moments  in  Fig.  6— 
17f  by  taking  moments  around  the  point  where 
the  100-gf  force  is  attached. 

2.  A  200-gf  weight  is  hung  at  the  10-cm 
mark  on  a  meter  stick  which  is  suspended  at 
the  50-em  mark.  Where  will  a  500-gf  weight 
have  to  be  hung  to  balance  it? 

3.  Two  men  carry  a  300-lb  load  by  hang¬ 
ing  it  from  a  horizontal  pole  that  rests  on  one 
shoulder  of  each  man.  If  the  men  are  10.0  ft 
apart  and  the  load  is  4.0  ft  from  one  of  them, 
how  much  load  does  each  man  support?  As¬ 
sume  that  the  weight  of  the  pole  is  negligible. 
(Hint:  Your  algebra  will  be  simpler  if  you 
take  the  fulcrum  at  a  shoulder.) 

4.  A  meter  stick  is  suspended  at  the  cen¬ 
ter  and  a  200-gf  weight  is  hung  at  the  20-cm 
mark.  An  unknown  weight  just  balances  the 
system  when  it  is  hung  at  the  90-cm  mark. 
What  is  the  unknown  weight? 


O  s. 

6-21? 


What  is  the  force  in  the  chain  of  Fig. 
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6.  There  is  a  fourth  force,  not  drawn  in 
Fig.  6-21,  which  also  acts  on  the  horizontal 
rod  (not  the  weight  of  the  rod,  for  that  is 
negligible).  Where  does  this  force  act?  Use 
2FX  =  0  and  ^Fy  =  0  to  find  the  magnitude 
and  direction  of  this  force. 

7.  A  wheel  weighing  30  lb  is  pulled  hori¬ 
zontally  (Fig.  6—22).  What  force  is  just  suffi¬ 
cient  to  turn  it  so  that  it  will  rise  over  the  curb? 
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What  happens  to  the  size  of  this  force  as  the 
wheel  rises? 


Discussion  Questions 


1 .  Why  is  it  easier  to  open  a  door  if  you  pull 
straight  out  instead  of  pulling  at  an  angle? 

2.  You  are  trying  to  put  a  screw  eye  into  a 
board  with  your  fingers.  How  could  you 
make  the  work  easier? 

3.  Can  two  concurrent  forces  produce  equi¬ 
librium?  Explain. 

4.  Can  two  parallel  forces  that  are  not  con¬ 
current  produce  equilibrium?  Explain. 

5.  Can  three  concurrent  forces  produce  equi¬ 
librium?  Can  three  parallel  nonconcurrent 
forces  produce  equilibrium?  Explain. 


The  Center  of  Gravity 


6-13  Objects  balance  at  the  center  of 
gravity.  The  boy  in  Fig.  6-23  is  balancing  a 
baseball  bat  on  one  finger.  If  you  try  to  do 
this,  you  discover  that  there  is  only  one 
spot  along  the  length  of  the  bat  where  you 
can  make  it  balance.  This  spot  is  near  the 
thicker  end.  If  you  hold  your  finger  any- 


Figure  6-23  To  balance  the  bat,  the  boy 
must  support  it  near  its  thicker  end. 


where  else,  the  bat  rotates  and  falls  off  your 
finger.  You  know  that  rotation  is  caused  by 
unbalanced  moments.  When  you  have  your 
finger  in  the  right  place,  the  moments  in  the 
two  directions  are  equal. 

An  object  such  as  this  bat  is  composed  of 
many  tiny  atoms,  each  being  attracted  by 
the  pull  of  the  earth.  This  is  illustrated  in 
Fig.  6-24,  where  a  few  of  the  weight  vec¬ 
tors  are  shown.  The  position  of  the  boy’s 
finger  is  shown  by  the  large  arrow.  He  sup¬ 
ports  the  bat  with  a  force  equal  to  the  sum 


Figure  6—24  Each  atom  in  the  bat  is  pulled 
downward  by  a  force  W  (its  weight.)  The  bat 
is  in  equilibrium  when  the  upward  force,  F, 
exerted  by  the  boy’s  finger  is  equal  to  the 
sum  of  the  weights  of  all  of  the  atoms,  and 
when  the  clockwise  moments  equal  the  coun¬ 
terclockwise  moments. 


w 


ir 


These  weights  cause 

counterclockwise 

motion. 


w  »» 

These  weights  cause 
clockwise  motion. 


of  all  of  the  weights  of  the  atoms.  In  addi¬ 
tion,  each  of  the  atoms  exerts  a  moment 
because  of  its  weight  and  position.  The  bat 
balances  when  the  boy  puts  his  finger  at  the 
spot  around  which  the  sum  of  the  clockwise 
moments  equals  the  sum  of  the  counter¬ 
clockwise  moments.  His  finger  is  then  di¬ 
rectly  under  the  center  of  gravity. 

If  the  boy  now  tapes  a  looped  cord  to  the 
bat  at  the  point  where  his  finger  supported 
it,  he  can  suspend  the  bat  from  above. 
Again  it  will  balance  (Fig.  6-25).  This 
time  the  support  is  directly  above  the  center 
of  gravity.  When  an  object  is  supported  by 
a  single  force,  the  line  of  action  of  the  force 
goes  through  the  center  of  gravity  of  the 
object. 

This  fact  makes  it  possible  to  find  the 
center  of  gravity  of  any  flat  object,  regular 


Figure  6-25  The  bat  is  supported  by  a  single 
force  directly  above  its  center  of  gravity. 


or  irregular  (Fig.  6-26).  First  the  object, 
a  cardboard  triangle  in  this  case,  is  sus¬ 
pended  as  shown  at  the  left.  The  center  of 
gravity  lies  directly  below  the  support, 
along  the  line  of  action  of  the  supporting 
force  (dotted  line).  Then  the  triangle  is 
suspended  from  another  point.  Now  the 
center  of  gravity  lies  along  the  dashed  line. 
Since  the  center  of  gravity  lies  on  both  the 
dotted  and  dashed  lines,  you  know  that  it 
is  at  the  intersection  of  the  two  lines  as 
shown. 

If  an  object  is  suspended  or  pivoted  from 
its  center  of  gravity,  it  will  balance  perfectly. 
You  can  test  this  by  making  a  small  hole 
through  the  triangle,  as  shown  in  Fig.  6- 
26c.  Then  if  the  triangle  is  supported  by  a 
pin  through  the  hole,  you  can  turn  it  into 
any  position  and  it  will  balance  there  and 


Fig  ure  6-26  These  pictures  show  how  the  center  of  gravity  of  a  flat  triangular  object  may 
be  found.  Then  one  upward  force  at  that  point  produces  equilibrium  (balance). 
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not  rotate.  If  you  spin  it  around  the  pin,  it 
will  move  smoothly  and  evenly,  without 
jolting. 

6-14  Weight  may  be  considered  to  be 
concentrated  at  the  center  of  gravity.  Fig¬ 
ure  6-27a  is  a  vector  diagram  representing 
the  weights  of  some  of  the  atoms  of  the  tri¬ 
angle  of  Fig.  6-26.  These  are  balanced  by 
the  upward  force  of  the  support.  This  up¬ 
ward  force  is  equal  to  the  sum  of  the  down¬ 
ward  forces  and  produces  equilibrium  if  it 
acts  through  the  center  of  gravity.  You 
would  also  get  equilibrium  if  you  substi¬ 
tuted  for  all  of  the  small  weights  of  the 
atoms  a  single  downward  weight  acting 
through  the  center  of  gravity,  as  shown  in 
Fig.  6-27b.  This  downward  force  has 
been  labeled  R  because  it  is  the  resultant 
of  the  small  weights.  The  size  and  direc¬ 
tion  of  the  resultant  is  determined  by  add¬ 
ing  all  the  force  vectors.  The  point  through 
which  it  acts  is  determined  by  the  moments 
of  the  forces.  The  center  of  gravity  can 
thus  be  defined  as  the  point  of  action  of  the 
resultant  of  the  weights  of  the  individual 
particles  in  the  object.  Because  of  this,  you 
can  solve  problems  involving  moments  by 
assuming  that  the  entire  weight  of  the  body 
is  concentrated  at  its  center  of  gravity.  This 


was  done  in  the  fishpole  problem  (Fig.  6- 
19). 

6-15  The  center  of  gravity  may  be  out¬ 
side  the  object.  It  is  quite  reasonable  to 
expect  that  the  center  of  gravity  of  a  solid 
ball  is  at  its  geometrical  center.  But  sup¬ 
pose  the  ball  is  hollow.  The  only  point 
around  which  the  moments  due  to  the 
weights  of  the  atoms  in  the  ball  would  bal¬ 
ance  is  still  the  geometrical  center,  even 
though  none  of  the  mass  of  the  ball  is  there. 
You  may  think  it  even  stranger  that  the 
center  of  gravity  of  a  doughnut  is  in  the 
middle  of  the  hole,  but  this  is  indeed  the 
case. 

6-16  Stability  depends  on  the  center 
of  gravity.  From  experience  you  know  that 
some  objects  are  less  apt  to  tip  over  than 
others.  Thus  a  brick  set  on  its  long  side  is 
less  likely  to  tip  over  than  one  set  on  its 
end.  If  you  attempt  to  balance  a  pencil  on 
its  point,  it  tips  over.  On  the  other  hand,  a 
cylinder  on  its  side  or  a  ball  cannot  tip 
over  no  matter  how  it  is  disturbed.  This 
ability  to  resist  being  tipped  over  is  known 
as  mechanical  stability.  You  can  under¬ 
stand  and  predict  stability  easily  if  you 
apply  the  concept  of  center  of  gravity. 


Figure  6-27  In  a  the  triangle  balances  because  the  upward  force  equals  the  sum  of  the 
downward  forces,  and  because,  when  it  is  supported  at  its  center  of  gravity,  the  moments 
in  the  two  directions  are  equal,  thus  creating  a  net  moment  equal  to  zero.  In  b  the  triangle 
would  also  balance  if  all  its  weight  were  concentrated  at  the  center  of  gravity.  A  downward 
force  equal  to  the  total  weight,  acting  at  the  center  of  gravity,  is  the  resultant  [R]  of  all 
the  forces  acting  on  the  triangle. 


F  =  total  weight 


F  =  total  weight 
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Figure  6-28  The  stability  of  an  object  depends  upon  the  location  of  the  center  of  gravity. 


In  Fig.  6-28,  the  center  of  gravity  is 
shown  as  a  heavy  dot  within  each  of  the 
objects.  In  the  case  of  the  brick  on  its  long 
side,  the  illustration  shows  that  the  center 
of  gravity  must  be  raised  a  relatively  great 
distance  when  the  brick  is  tipped.  This 
means  that  the  object  resists  upsetting,  that 
it  is  very  stable.  The  brick  on  its  end  is  less 
stable  because  its  center  of  gravity  need  not 
be  lifted  so  far  before  the  brick  is  tipped 
over.  The  shape  of  the  pencil  is  such  that 
the  center  of  gravity  need  not  be  raised  at 
all  in  order  for  the  object  to  tip  over.  But 
no  matter  how  the  ball  is  tipped,  its  center 
of  gravity  is  neither  raised  nor  lowered.  As 
a  result,  the  ball  neither  tends  to  tip  nor  to 
roll,  nor  does  it  resist  tipping  or  rolling. 


Stability  can  be  thought  of  in  terms  of 
the  moments  caused  by  the  weight  of  the 
object.  Figure  6-29  shows  the  same  objects 
with  the  weight  indicated  as  a  vector  acting 
at  the  center  of  gravity.  When  the  brick  on 
its  long  side  is  tipped  slightly,  the  weight 
causes  a  moment  around  the  supporting 
edge  that  makes  the  brick  fall  back  to  its 
original  position.  On  the  other  hand,  if 
you  tip  the  up-ended  brick  by  the  same 
angle,  the  weight  causes  a  moment  that 
forces  the  brick  to  continue  to  rotate  and 
thus  to  fall.  This  is  also  true  with  the  pencil. 
The  weight  of  the  ball  always  acts  on  a  line 
through  its  point  of  support;  therefore  the 
weight  of  the  ball  can  never  produce  a 
moment. 


Figure  6-29  An  object  tips  over  whenever  the  weight,  considered  to  be  concentrated  at 
the  center  of  gravity,  causes  a  moment  that  tips  it.  When  the  brick  in  a  is  raised,  the 
moment  tends  to  restore  it  to  its  original  position.  The  moment  in  b  causes  the  brick  to  fall. 
No  matter  how  small  the  amount  of  tipping  in  c,  the  moment  causes  the  pencil  to  fall,  since 
it  is  balanced  on  a  narrow  point.  The  moment  in  d  is  always  zero. 
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Self  Check 


Discussion  Questions 


1.  If  you  stand  on  one  leg,  where  must  your 
center  of  gravity  be  if  you  are  not  to  fall 
down? 

2.  If  you  hang  by  one  hand  from  a  stationary 
trapeze,  where  is  your  center  of  gravity? 

3.  If  you  know  where  the  center  of  gravity  of 
an  object  is  located,  what  assumption  can 
you  make  that  is  useful  in  problem  solving? 

4.  If  you  take  the  center  of  gravity  of  an  ob¬ 
ject  as  the  point  of  rotation,  what  is  the  sum 
of  the  moments  due  to  the  weights  of  the 
individual  atoms  of  the  object? 

5.  Where  is  the  center  of  gravity  of  an  un¬ 
mounted  automobile  tire? 

6.  A  rod  is  brass  at  one  end  and  wood  at  the 
other.  For  ease  in  balancing  it  on  end, 
which  end  should  be  down? 


Problems 


1.  A  meter  stick  weighing  150  gf  is  sus¬ 
pended  from  the  40.0-cm  mark.  If  the  center 
of  gravity  of  the  stick  is  at  the  50.0-cm  mark, 
where  will  a  200-gf  weight  have  to  be  placed 
to  produce  equilibrium? 

2.  A  3.00-ton  truck  has  a  wheelbase  (dis¬ 
tance  from  front  axle  to  back  axle)  of  14.00  ft. 
If  the  center  of  gravity  of  the  truck  when 
empty  is  6.00  ft  from  the  front  axle,  how  much 
weight  is  supported  by  each  wheel? 

3.  A  5.00-ton  load  is  put  on  the  truck  of 
Problem  2.  If  the  center  of  gravity  of  the  load 
is  4.00  ft  from  the  rear  axle,  what  is  now  the 
weight  supported  by  each  wheel? 


Figure  6—30 


1 .  Put  two  dinner  forks  together  as  shown  in 
Fig.  6-30.  Support  them  on  a  toothpick 
over  the  rim  of  a  glass  so  that  neither  of  the 
forks  touches  the  glass.  Burn  the  part  of  the 
toothpick  that  is  inside  the  glass.  The  forks 
will  balance  on  the  tiny  support  that  is  left 
and  can  even  be  pushed  gently  so  that  they 
sway  without  falling  off.  Why? 

2.  A  man  balances  on  his  two  hands  with  his 
feet  in  the  air.  Then  he  lifts  his  right  hand 
off  of  the  floor  and  stands  on  the  left  one 
alone.  How  will  his  body  shift? 

3.  Examine  a  beam  balance  in  the  laboratory 
before  answering  this  one.  Suppose  the 
beam  has  been  moved  slightly  to  the  right, 
so  that  it  is  no  longer  supported  where  it 
should  be.  You  put  an  object  in  the  right- 
hand  pan  to  be  weighed,  and  you  put  brass 
weights  into  the  left-hand  pan  until  they 
balance.  Will  you  measure  the  correct 
weight  of  the  object?  Why? 


Chapter 

Summary 


Concurrent  forces  are  those  whose  lines  of 
action  intersect  at  a  single  point.  They  pro¬ 
duce  equilibrium  when  the  vector  sum  of  the 
forces  is  zero.  A  group  of  concurrent  unbal¬ 
anced  forces  may  be  brought  into  equilibrium 
by  a  force  equal  and  opposite  to  the  resultant. 
This  force  is  called  the  equilibrant.  A  single 
force  may  be  considered  to  be  made  up  of  any 
one  pair  of  an  infinite  number  of  pairs  of  com¬ 
ponents.  Components,  resultants,  and  equilib- 
rants  can  be  determined  by  scale  drawings,  by 
geometry,  or  by  trigonometry. 

Unbalanced  parallel  forces  cause  rotation. 
The  effectiveness  of  a  force  in  causing  rotation 
is  its  moment,  or  torque,  which  is  the  product 
of  the  force  and  the  perpendicular  distance 
from  the  point  of  rotation  to  the  line  of  action 
of  the  force.  Nonconcurrent  forces  in  the  same 
plane  produce  equilibrium  when  the  vector 
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sum  of  the  forces  is  zero  and  when  the  sum  of 
the  clockwise  moments  equals  the  sum  of  the 
counterclockwise  moments.  The  entire  weight 
of  an  object  may  be  assumed  to  act  at  its  center 
of  gravity.  Around  this  point  the  moments  due 
to  the  weights  of  all  of  the  particles  of  mass  in 
the  object  add  up  to  zero.  The  location  of  the 
center  of  gravity  and  the  geometry  of  the  base 
determines  the  stability  of  an  object.  The 
lower  the  center  of  gravity  of  an  object,  the 
more  difficult  it  is  to  tip  it  over. 


Vocabulary- 

concurrent  forces 
(p.  139) 
parallel  forces 
(p. 139) 

line  of  action  of  a 
force  (p.  140) 
equilibrium  (p.  141) 
equilibrant  (p.  142) 
component  (p.  144) 
moment  (p.  153) 
torque  (p.  153) 
lever  arm  (p.  153) 


law  of  moments 
(p.  154) 

fulcrum  (p.  154) 

point  of  rotation 
(P-154) 

nonconcurrent  forces 
(p.  154) 

center  of  gravity 
(p.  159) 

mechanical  stability 
(p.  159) 


Problems 

1.  Find  the  resultant  and  equilibrant  in 
each  of  the  following:  (a)  60  gf  up;  20  gf 
down;  5  gf  up.  (b)  10  tons  north;  30  tons  east; 
10  tons  south,  (c)  50  N  up;  10N  horizontally 
to  the  right;  20  N  horizontally  to  the  left;  40  N 
down. 

2.  A  weight  of  50  kgf  hangs  from  a  5.0-m 
rope  and  is  pulled  aside  3.0-m  by  a  horizontal 
force.  Find  the  horizontal  force  and  the  ten¬ 
sion  in  the  rope.  Draw  separate  diagrams  of 
the  hanging  weight  and  of  the  concurrent 
forces. 

3.  Write  the  two  equations  of  equilib¬ 
rium  for  the  situation  shown  in  Fig.  6-12  and 
solve. 

4.  A  weight  of  300  lb  is  suspended  as 
shown  in  Fig.  6—31.  Find  the  tensions  in  the 
supporting  cables. 


5.  A  plank  5.0  m  long  is  used  as  a  foot¬ 
bridge  across  a  brook.  The  plank  is  uniform 
and  weighs  40  kgf.  A  boy  weighing  60  kgf 
stands  on  the  bridge  3.0  m  from  one  end.  With 
what  force  is  the  plank  supported  at  each  end? 

6.  A  two-wheeled  boat  trailer  plus  a  boat 
weigh  1600  lb.  The  center  of  gravity  of  boat 
and  trailer  is  2.00  ft  in  front  of  the  axle,  the 
axle  being  8.00  ft  from  the  ball  hitch  on  the 
rear  of  the  towing  car.  Then  a  500-lb  motor  is 
put  on  the  rear  of  the  boat  at  a  distance  of  12  ft 
from  the  hitch.  Find  the  force  on  the  axle  and 
on  the  hitch.  (You  may  have  trouble  deciding 
the  direction  of  the  force  on  the  hitch.  If  you 
guess  wrong,  your  answer  will  come  out  with  a 
negative  sign  in  front  of  it. ) 

7.  A  boom  like  that  in  Fig.  6-12  weighs 
50.0  kgf  and  is  20.0  m  long.  The  chain  makes 
an  angle  of  30°  with  the  boom  and  the  load  at 
the  end  is  200  kgf.  What  is  the  tension  in  the 
chain? 


Discussion  Questions 

1 .  Attach  a  rope  to  the  leg  of  a  heavy  chair  and 
try  to  pull  the  chair.  Now  attach  the  free 
end  of  the  rope  tightly  to  a  radiator  or  other 
firmly  fixed  object.  Push  down  on  the  rope, 
or  lift  it  straight  up.  Compare  the  force 
necessary  to  move  the  chair  in  the  two  cases 
and  explain.  How  could  you  apply  this  ex¬ 
periment  to  the  problem  of  pulling  a  car  out 
of  the  mud  when  no  tow  truck  is  available? 

2.  Which  strains  your  arms  most,  hanging  with 
your  hands  close  together  on  an  overhead 
bar,  or  with  your  hands  spread  apart? 
Why? 

3.  A  board  supported  at  both  ends  will  break 
if  loaded  with  350  lb  at  the  middle.  How¬ 
ever,  if  it  is  used  at  an  angle  of  30°  to  load 
a  400-lb  crate  onto  a  truck,  it  does  not 
break.  Explain. 

4.  Why  are  doorknobs  put  as  far  away  from 
the  hinge  side  of  a  door  as  possible? 

5.  Why  is  it  easier  to  unscrew  a  wide-headed 
bolt  with  your  fingers  than  a  narrow-headed 
one? 

6.  Under  what  circumstances  can  an  object  in 
equilibrium  be  moving? 


300  lb 
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HALL  OF 
FAME 

. Archimedes  •  c.  287-212  b.c. 


“Give  me  a  place  to  stand  and  I  will  move  the  earth!"  Does  this  seem  like 
an  extravagant  claim  to  you?  Consider,  however,  that  the  man  who  may  have 
spoken  these  words  had  discovered  the  principle  of  the  lever.  What  he 
meant  by  his  boast  was  that  with  a  long  enough  lever  (and  a  fixed  place  to 
use  as  a  fulcrum)  he  could  raise  the  weight  of  the  earth.  —  An  exaggeration, 
but  Archimedes’  confidence  was  justifiable,  for  the  lever  has  turned  out  to  be 
one  of  the  most  useful  of  all  simple  machines. 

Probably  the  most  famous  of  the  many  legends  about  Archimedes  is  that  of 
the  king’s  gold  crown.  Archimedes  lived  in  the  Greek  colony  of  Syracuse,  in 
Sicily,  and  was  a  close  friend  of  Hieron,  the  king  of  Syracuse.  Hieron  had 
given  a  goldsmith  a  certain  weight  of  gold  with  which  to  make  a  crown. 
He  suspected,  however,  that  the  goldsmith  might  have  used  an  equal  weight 
of  a  gold  and  silver  mixture,  keeping  the  leftover  gold  for  himself.  Hieron 
asked  Archimedes  to  test  the  quality  of  the  gold  without  destroying  the  crown. 
According  to  the  legend,  Archimedes  was  pondering  the  problem  one  day  at 
the  public  baths.  As  he  stepped  into  a  full  tub  and  noticed  the  water  spilling 
over,  a  solution  suddenly  came  to  him.  He  leaped  out  of  the  tub  and,  without 
bothering  to  dress,  ran  home  to  try  his  idea,  shouting  “Eureka!"  (“I’ve  found 
it!’’)  as  he  ran.  The  cause  for  his  elation  was  this:  He  had  realized  that  just  as 
his  body  displaced  water  from  the  tub,  so  might  he  determine  the  volume  of 
the  king’s  crown  by  seeing  how  much 
water  it  would  displace  from  a  full  con¬ 
tainer.  Since  silver  is  less  dense  than 
gold,  he  knew  that  a  crown  made  of  gold 
and  silver  would  displace  more  water  than 
an  equal  weight  of  pure  gold.  Thus  he 
would  be  able  to  expose  the  goldsmith’s 
possible  fraud. 

Although  Archimedes  was  one  of  the 
greatest  mechanical  inventors  of  all  time, 
he  prided  himself  only  on  his  work  as  a 
mathematician.  One  of  his  greatest  math¬ 
ematical  achievements  was  the  geometric 
development  of  certain  ideas  related  to 
modern  calculus,  a  branch  of  mathematics 
widely  used  in  physics  today. 


163 


Courtesy  of  the  Solomon  R.  Guggenheim  Museum,  New  York  City. 


A  view  from  the  top  of  the  Guggenheim  Museum  in  New  York  City  shows  a  long,  spiral  ramp. 
Although  it  may  not  look  like  one,  this  ramp  is  a  simple  machine. 


Force  and  Simple 
Machines 

When  you  think  of  machines,  you  may  have  in  mind  a  factory  room  full  of 
metal  monsters  with  turning  wheels  and  thumping  parts.  Or  you  may  think  of 
a  bulldozer  pushing  tons  of  earth.  Perhaps  you  think  of  airplanes  and  diesel 
locomotives  (Fig.  7-1  ).  Machines,  very  complicated  ones,  are  built  into  these 
devices.  But  would  you  include  the  ramp  in  the  picture  opposite  or  the  objects 
in  Fig.  7-2  in  a  list  of  machines?  You  should  —  because  that  is  just  what 
they  are. 

With  a  machine  you  can  do  work  more  easily  or  more  quickly.  With  an  egg 
beater  you  can  whip  up  eggs  faster  than  with  a  fork.  Try  pounding  a  nail  with 
the  head  of  a  hammer  held  in  your  hand.  This  is  a  difficult  task.  With  a 
handle  on  that  hammer  it  is  easy.  The  complex  machines  of  Fig.  7-1  are  made 
by  fitting  together  many  simple  machines,  as  simple  as  those  of  Fig.  7-2. 

When  a  machine  is  used  to  do  work,  some  energy  is  always  wasted  because 
of  friction.  In  order  to  understand  how  machines  operate,  you  need  to  know 
something  about  friction,  a  force  that  has  its  uses  as  well  as  its  disadvantages. 

In  this  chapter  you  will  learn  how  the  force  of  friction  is  used  and  controlled 
and  how  simple  machines  are  used  to  do  work. 


The  Force  of  Friction 


7-1  Friction  is  common  in  daily  life. 

Friction  is  so  common  in  daily  life  that  you 
usually  take  it  for  granted.  A  coasting 
wagon  or  bicycle  or  automobile  slows  down 
because  of  friction  with  the  road.  Even 
when  you  skate  or  slide  on  ice,  some  fric¬ 
tion  is  present,  though  it  is  relatively  slight. 
However,  you  would  find  it  very  difficult  to 
slide  on  a  bare  sidewalk,  because  the  fric¬ 
tion  between  your  shoe  soles  and  the  pave¬ 
ment  would  be  too  great.  When  you  apply 


the  brakes  of  an  automobile,  it  stops  be¬ 
cause  of  friction  between  the  tires  and  the 
road,  and  also  between  the  brake  linings 
and  the  brake  drums.  In  fact,  friction  exists 
between  all  moving  surfaces,  whether  they 
are  in  automobiles,  washing  machines, 
brooms,  or  pencil  erasers.  There  is  even 
friction  between  a  moving  object  and  the 
air  through  which  it  moves;  this  is  called 
air  resistance 

Sometimes  friction  is  very  useful.  You 
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Figure  7-1  These  are  complex  machines. 


have  already  seen  that  brakes  on  moving 
vehicles  operate  because  of  friction.  Simi¬ 
larly,  without  friction  between  the  tires  and 
the  road  automobiles  would  not  move.  You 
could  not  run  or  walk  if  there  were  no  fric¬ 
tion  between  your  feet  and  the  floor.  With¬ 
out  friction,  dishes  and  furniture  and  other 
objects  about  the  house  would  move  at  the 
slightest  touch.  So  you  see  that  friction  is 
not  something  that  must  always  be  elimi¬ 
nated  or  even  reduced.  Many  times  it  is 
desirable  to  increase  friction. 

7-2  Friction  exists  between  surfaces. 

What  makes  a  door  squeak  when  you  open 
it  slowly?  If  you  open  the  same  door  very 
quickly,  it  may  not  squeak  at  all.  Why? 
Why  will  a  door  stop  squeaking  when  the 
hinges  are  oiled?  The  answers  to  these 
three  questions  contain  much  of  what  is 
known  about  friction. 


If  you  write  on  a  blackboard  with  the 
chalk  held  in  the  usual  way,  you  draw  a 
smooth  line.  But  if  you  hold  it  so  that  the 
writing  end  of  the  chalk  moves  ahead  of 
your  hand,  you  may  find  that  the  chalk 
jumps  along  so  that  it  makes  a  series  of 
dots.  First  it  sticks  to  the  board,  then  it 
slips,  then  it  sticks  again.  Scientists  call 
this  behavior  stick-slip.  When  one  surface 
moves  past  another,  it  often  does  so  with  a 
stick-slip.  The  stick-slip  of  a  door  hinge 
causes  the  vibration  you  hear  as  a  squeak. 
Figure  7-3  is  an  enlargement  of  the  surface 
of  a  metal,  showing  the  irregularities  caused 
by  stick-slip  when  the  metal  was  cut. 

Scientists  formerly  believed  that  the 
sticking  was  due  to  roughness,  with  the 
bumps  of  one  surface  getting  tangled  with 
the  bumps  of  the  other.  Most  scientists  to¬ 
day  who  have  studied  friction  believe  that 
the  major  cause  is  the  attraction  of  the  ma- 


Figure  7-2  These  are  simple  machines.  Figure  7-3  A  photograph  of  the  surface  of 
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terials  of  the  two  surfaces  for  each  other, 
although  the  bumps  on  the  surfaces  also 
play  a  part.  The  attraction  is  much  greater 
when  the  two  surfaces  are  very  close  to¬ 
gether.  For  this  reason,  the  friction  of  slid¬ 
ing  surfaces  increases  as  they  are  forced 
closer  and  closer  together.  The  force  of 
attraction  that  causes  friction  is  not  grav¬ 
itational.  That  would  be  too  small  a  force 
to  account  for  the  size  of  the  force  of  fric¬ 
tion.  Scientists  believe  it  is  largely  electri¬ 
cal.  The  force  of  friction  may  be  defined  as 
a  force  that  opposes  the  motion  of  one  sur¬ 
face  over  another,  because  of  the  attraction 
of  the  surfaces  for  each  other,  or  because  of 
the  irregularities  of  the  surfaces,  or  both. 

What  is  the  direction  of  the  force  of  fric¬ 
tion?  If  you  push  a  heavy  crate  over  a 
wooden  floor,  you  push  in  the  direction  of 
the  motion  in  order  to  overcome  the  force 
of  friction.  This  shows  that  the  direction 
of  the  force  of  friction  is  opposed  to  the 
direction  of  the  motion.  If  you  get  on  the 


other  side  of  the  crate  and  push  it  back  to 
its  original  location,  the  direction  of  the 
force  of  friction  is  also  reversed.  Its  direc¬ 
tion  is  again  opposed  to  the  direction  of  the 
motion. 

7-3  The  force  of  friction  depends  on 
certain  factors.  A  few  simple  experiments 
tell  much  about  the  way  in  which  friction 
acts. 

The  force  of  friction  is  directly  propor¬ 
tional  to  the  force  pressing  the  two  sur¬ 
faces  together.  In  Fig.  7-4  a  brick  is  placed 
on  a  table  and  pulled  by  a  string.  The 
reading  of  the  spring  balance  attached  to 
the  string  indicates  the  force  necessary  to 
overcome  friction  when  the  brick  is  moving 
along  the  floor  at  constant  speed.  This  is 
equal  in  magnitude  to  the  force  of  friction, 
but  opposite  to  it  in  direction.  When  a 
single  brick  is  pulled,  the  force  is  400  gf. 
If  a  second  brick  is  placed  on  top  of  the 
first,  the  force  goes  up  to  800  gf;  with  a  load 


Figure  7—4  This  experiment  indicates 
that  frictional  force  is  directly  pro¬ 
portional  to  the  force  pressing  the 
two  surfaces  together. 
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Figure  7-5  This  experiment  indicates  that 
frictional  force  depends,  among  other 
things,  on  the  nature  of  the  surfaces  in¬ 
volved. 


brick  wrapped  in  paper 


of  three  bricks,  the  force  is  1200  gf.  This 
shows  that  the  frictional  force  is  directly 
proportional  to  the  force  pressing  the  two 
surfaces  together. 

The  force  of  friction  depends  on  the  na¬ 
ture  of  the  surfaces  involved.  When  the 
brick  is  wrapped  in  paper,  as  shown  in 
Fig.  7-5,  the  force  of  friction  is  less  than 
with  the  bare  brick.  This  suggests  that 
sliding  friction  may  be  controlled  by  proper 
selection  of  the  surfaces. 

Other  things  being  equal,  the  force  of 


friction  is  independent  of  area.  The  experi¬ 
ment  of  Fig.  7-6  is  designed  to  see  whether 
area  has  anything  to  do  with  the  force  of 
friction.  Whether  the  brick  slides  on  its 
side,  edge,  or  end,  the  force  is  the  same. 
Other  things  being  equal,  frictional  force  is 
independent  of  area.  In  many  cases,  of 
course,  other  things  are  not  equal.  If  a 
sharp  object  digs  into  a  surface  over  which 
it  is  sliding,  friction  does  increase. 

The  force  of  friction  depends  on  the  kind 
of  motion  of  the  surfaces.  When  the  ten- 


Figu  re  7—6  This  experiment  indicates  that 
the  force  of  friction  is  independent  of  the 
area  in  sliding  contact,  other  things  being 
equal. 
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550  gf 
brick  not  moving 


Figure  7—7  This  experiment  indicates  that 
starting  friction  is  greater  than  sliding  friction. 


sion  in  the  spring  (Fig.  7-7)  is  observed 
just  before  the  brick  is  set  into  motion  and 
again  while  it  is  moving  with  uniform  ve¬ 
locity,  the  observations  show  that  starting 
friction  is  greater  than  sliding  friction.  The 
reason  is  that  when  the  brick  has  been  sit¬ 
ting  on  the  floor  without  moving,  it  has 
settled  slightly.  This  brings  the  surfaces 
closer  together,  increasing  their  attraction 
for  each  other,  and  also  causing  the  irregu¬ 
larities  to  become  more  closely  interlocked. 
The  increased  force  at  the  start  is  also 
partly  due  to  the  F  =  ma  force  needed  to 
accelerate  the  brick. 

Suppose  you  give  an  object  a  push  so  that 
it  starts  to  slide.  If  you  stop  pushing,  the 
object  may  keep  on  sliding  for  a  while,  but 
it  slows  down  and  eventually  stops,  due  to 
the  unbalanced  force  of  friction.  One  way 
to  compare  the  force  of  friction  in  two  situ¬ 
ations  is  to  see  which  of  two  objects  slows 
down  faster.  Figure  7-8  illustrates  a  com¬ 
parison  between  the  frictional  force  acting 
on  a  block  of  wood  and  the  frictional  force 
acting  on  a  wooden  ball  of  the  same  weight. 
The  block  of  wood  slows  down  much  more 
quickly,  showing  that  sliding  friction  is 
greater  than  rolling  friction. 

If  you  try  pulling  a  brick  at  one  speed, 
and  then  at  a  slightly  greater  steady  speed, 
you  will  probably  find  that  the  force  is  just 


about  the  same  in  both  cases.  This  obser¬ 
vation  led  scientists  to  believe  that  the  force 
of  friction  was  not  influenced  by  speed, 
except  for  the  difference  between  starting 
and  sliding  friction.  However,  accurate 
measurements  in  the  past  twenty  years  have 
shown  that  friction  decreases  slightly  when 
the  speed  goes  up  ( except  when  the  speed 
is  extremely  low).  Since  friction  is  largely 
due  to  the  attraction  between  surfaces,  the 
attraction  is  greater  when  the  motion  is 
slow  because  there  is  more  time  for  the  sur¬ 
faces  to  settle  closely  together.  Slow  speeds 
encourage  the  stick-slip  type  of  movement. 
The  attraction  of  the  slowly  moving  sur¬ 
faces  causes  them  to  stick.  Then  the  for¬ 
ward  force  jerks  them  along  for  an  instant, 
until  they  happen  to  be  close  enough  to¬ 
gether  again  to  stick.  If  they  are  moving 
rapidly  past  each  other,  there  is  less  time  to 
settle  into  a  good  sticking  position.  Thus 
a  door  may  creak  (making  the  stick-slip 
noise)  when  you  open  it  slowly,  but  may 
not  creak  when  you  open  it  quickly. 

When  the  two  surfaces  move  extremely 
slowly  (about  10-6  cm/sec  in  the  case  of 
steel,  and  about  10  cm/ sec  in  the  case  of 
lead),  the  frictional  force  becomes  less 
again,  probably  because  at  these  speeds  the 
molecules  of  the  metal  actually  flow  over 
one  another  to  a  slight  extent;  that  is,  they 
begin  to  behave  somewhat  like  liquids  near 
their  surfaces. 

Figure  7-8  The  wooden  ball  and  the  wooden 
block  were  moving  with  the  same  speed  at 
the  start.  The  block  soon  came  to  rest,  while 
the  ball  kept  on  rolling.  The  unbalanced  force 
that  slowed  both  was  friction.  This  experiment 
shows  that  sliding  friction  is  greater  than  roll¬ 
ing  friction. 
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The  laws  of  friction  here  may  be  different 
from  those  you  find  in  other  books.  This  is 
partly  because  scientists  have  but  an  in¬ 
complete  understanding  of  friction.  The 
laws  of  friction  have  always  been  laws  of 
the  “approximately  true”  kind.  You  will 
find  if  you  do  some  experiments  shown  in 
the  illustrations,  that  it  is  very  difficult  to 
get  answers  that  agree  all  the  time.  This  is 
because  pulling  the  brick  along  a  board  or 
table  changes  the  surface.  You  may  smooth 
out  the  board,  or  you  may  roughen  it  dur¬ 
ing  the  experiment.  Two  boards  or  tables 
that  look  alike  may  give  different  values. 
The  study  of  the  effect  of  speed  is  difficult 
to  perform.  Because  of  these  facts  the  laws 
of  friction  are  not  at  all  precise.  They  are 
empirical  laws;  laws  that  agree  more  or  less 
with  experimental  observations,  but  do  not 
have  a  sound  basis  in  theory.  Contrast  them 
with  the  law  of  gravitation,  which  is  so  pre¬ 
cise  that  it  has  been  used  to  predict  the 
positions  of  planets  hundreds  of  years  in 
the  future  and  to  determine  the  launching 
angles  and  speeds  of  ballistic  missiles  and 
satellites  that  must  follow  almost  perfect 
paths. 

7-4  It  is  often  necessary  to  control 
friction.  Controlling  friction  may  mean  de¬ 
creasing  it,  as  in  moving  parts  in  an  auto¬ 
mobile,  or  increasing  it,  as  in  the  brakes 
and  tires  of  the  same  automobile.  The  two 
factors  that  can  be  controlled  most  readily 
are  the  nature  of  the  surfaces  and  the  kind 
of  motion.  A  few  examples  illustrate  this. 

Brake  linings  are  made  of  material  which 
is  selected  for  its  high  amount  of  friction 
and  resistance  to  wear.  In  addition,  they 
are  kept  dry  to  increase  the  friction.  Lugs, 
or  traction  bars,  on  tractor  tires  are  designed 
to  increase  friction  and  to  resist  wear.  The 
tread  of  an  automobile  tire  is  also  designed 
to  increase  friction. 

A  very  common  way  to  reduce  friction  is 
to  substitute  rolling  for  sliding  friction. 


Roller  bearings  and  ball  bearings  are  used 
in  the  axles  of  wheels  on  automobiles,  bi¬ 
cycles,  and  roller  skates.  They  serve  to 
provide  rolling  friction  between  the  station¬ 
ary  axle  and  the  rotating  wheel.  These 
bearings  are  usually  enclosed  in  a  bearing 
race  that  serves  to  keep  the  individual  ball 
or  roller  bearings  in  their  proper  position. 

Another  way  to  reduce  friction  is  through 
lubrication.  Usually  this  takes  the  form  of 
oil,  grease,  or  graphite  placed  between  slid¬ 
ing  or  rolling  surfaces.  Oil  forms  a  thin 
film  between  the  moving  surfaces.  Al¬ 
though  this  film  is  very  thin,  sometimes  only 
a  few  molecules  thick,  it  almost  completely 
prevents  one  surface  from  touching  the 
other,  thus  changing  the  nature  of  the  slid¬ 
ing  surfaces  and  reducing  friction  and  wear. 
Graphite  provides  lubrication  in  a  some¬ 
what  different  way-  Graphite  consists  of  flat 
smooth  crystals,  which  easily  slide  over  each 
other. 

If  you  want  to  do  an  experiment  that  is 
almost  friction  free,  get  a  slab  of  dry  ice 
and  slide  it  across  a  table.  Dry  ice  is  solid 
carbon  dioxide.  At  room  temperature  and 
pressure,  carbon  dioxide  evaporates  with¬ 
out  turning  to  a  liquid  first.  Therefore  at 
the  bottom  of  your  piece  of  dry  ice,  a  con¬ 
stant  supply  of  carbon  dioxide  gas  is  being 
formed.  The  slab  floats  on  a  tiny  film  of 
gas,  which  acts  as  a  very  superior  lubricant 
between  the  slab  and  the  table.  Small  slabs 
of  dry  ice  can  be  used  under  heavy  weights 
to  make  them  almost  frictionless  for  experi¬ 
ments  to  test  the  laws  of  motion. 

7-5  Work  must  be  done  to  overcome 
friction.  The  force  required  to  overcome 
the  force  of  friction  is  exerted  through  a 
distance.  This  means  that  work  is  done  and 
energy  is  required.  What  happens  to  this 
mechanical  energy?  Almost  all  of  it  is  con¬ 
verted  into  heat  energy.  When  you  rub 
your  hands  briskly  together,  you  can  feel 
the  heat  generated  by  friction.  Scratching  a 
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match  or  starting  a  fire  by  striking  flint  on 
steel  or  rubbing  sticks  together  are  also 
examples  of  mechanical  energy  being  con¬ 
verted  to  heat  energy  through  friction.  The 
bearings  of  a  machine  get  hot  because  of 
the  conversion  of  frictional  energy  to  heat. 
This  is  the  chief  cause  of  inefficiency  in  ma¬ 
chines,  and  engineers  are  continuously  try¬ 
ing  to  design  machines  having  a  minimum 
of  friction. 

A  small  amount  of  frictional  energy  may 
be  converted  into  the  energy  of  sound  (as 
in  the  case  of  the  creaking  door)  or  even 
into  light  energy  if  the  bodies  get  hot 
enough  (as  when  you  strike  flint  against 
steel ) . 


Self  Check 


1 .  In  which  of  the  following  situations  is 
friction  a  help  and  in  which  is  it  a  dis¬ 
advantage?  (a)  walking;  (b)  inside  the 
motor  of  an  automobile;  (c)  in  the  brakes 
of  an  automobile;  (d)  in  the  bearings  of  a 
bicycle. 

2.  What  causes  the  squeak  of  a  door  hinge? 

3.  What  is  the  major  cause  of  friction? 

4.  What  is  another  cause  of  friction? 


5.  What  is  always  true  about  the  direction  of 
the  force  of  friction? 

6.  Name  three  factors  that  influence  the  mag¬ 
nitude  of  the  force  of  friction. 

7.  The  force  of  friction  between  a  100-lb 
box  and  the  floor  is  20  lb.  What  is  the 
friction  if  a  100-lb  boy  sits  on  the  box? 

8.  As  the  speed  of  a  moving  object  increases, 
what  generally  happens  to  the  force  of 
friction? 

9.  Describe  two  common  ways  to  reduce 
friction. 

10.  What  becomes  of  the  energy  used  when 
work  is  done  against  friction? 


Discussion  Questions 


1 .  What  would  be  some  of  the  results  if  the 
force  of  friction  suddenly  ceased  to  exist? 

2.  A  force  of  10  lb  will  keep  a  box  moving 
across  a  horizontal  floor  at  uniform  velocity. 
Therefore  the  force  of  friction  is  10  lb.  Now 
suppose  that  the  box  is  at  rest  and  you  push 
it  with  a  force  of  8  lb.  What  is  the  force  of 
friction  in  this  case? 

3.  Can  you  give  any  reasons  why  the  force  of 
friction  should  not  depend  on  the  overall 
area  of  the  surfaces?  Use  Fig.  7-6  in  your 
discussion. 


The  Coefficient  of  Friction 


7-6  The  force  of  sliding  friction  is  pro¬ 
portional  to  the  normal  force.  In  the  ex¬ 
periment  of  Fig.  7-4  you  saw  that  when  the 
perpendicular  force  (called  the  normal 
force)  pressing  two  sliding  surfaces  to¬ 
gether  is  doubled,  frictional  force  is  dou¬ 
bled;  when  the  normal  force  is  tripled,  fric¬ 
tional  force  is  likewise  tripled;  and  so  on. 
That  is,  the  frictional  force,  Ff,  between 
two  sliding  surfaces  is  directly  proportional 
to  the  normal  force,  Fn,  between  them.  This 


can  be  expressed  in  the  simpler  and  briefer 
language  of  mathematics  thus: 

Ff  =  kFn 

where  k  is  a  constant.  This  constant  is  called 
the  coefficient  of  friction.  A  formula  for  it 
can  be  derived  from  the  one  above: 
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The  coefficient  of  friction  can  be  defined 
as  the  ratio  between  the  frictional  force 
and  the  normal  force.  Coefficients  of  fric¬ 
tion  vary  greatly  and  depend  on  the  sur¬ 
faces  involved.  As  was  pointed  out  earlier, 
they  also  change  because  the  surfaces  are 
changed  by  the  rubbing.  Some  typical 
values  for  coefficients  of  friction  are  shown 
in  Table  7-1  below.  Remember  that  these 
are  approximate  values  only. 

The  experiment  of  Fig.  7-5a  can  be  used 
to  find  the  coefficient  of  friction  of  the  ma¬ 
terials  involved.  If  the  brick  weighs  1000 
gf,  then  this  is  the  normal  force,  since  the 
floor  is  horizontal.  The  force  required  to 
move  the  brick  with  uniform  velocity  is  400 
gf.  Therefore: 


400  gf 
1000  gf 


k  =  0.40 


Notice  that  the  coefficient  of  friction  has 
no  units  since  it  is  the  ratio  of  two  forces. 

7-7  The  coefficient  of  friction  is  used  to 
solve  problems.  Many  practical  problems 
can  be  solved  using  the  coefficient  of  fric¬ 
tion.  Example  1  at  the  right  shows  how  to 
use  the  values  listed  in  Table  7—1. 


Table  7-1  APPROXIMATE  VALUES 

OF  COEFFICIENT  OF 

FRICTION 

Surface 

Coefficient 

Wood  on  wood,  dry 

0.25-0.50 

Metal  on  oak,  dry 

0.50-0.60 

Metal  on  oak,  wet 

0.24-0.26 

Stone  on  wood 

0.40 

Metal  on  metal,  dry 

0.15-0.20 

Smooth  metal  on  smooth 

metal,  greased 

0.05 

EXAMPLE  1 


A  200-lb  block  of  stone  rests  on  a  wooden  floor. 
What  horizontal  force  is  required  to  move  it?  How 
much  work  is  done  in  dragging  it  a  distance  of  1  5  ft? 

Given:  Fn  =  200  lb 

s  =  1 5  ft 

To  find:  Fj  and  Work 

Solution:  Ff  —  kFn 

=  0.40  X  200  lb 

(k  is  found  from  Table  7-1) 

=  80  lb 

Since  this  is  the  backward  force  of  fric¬ 
tion,  a  forward  force  equal  to  this  is 
needed  to  keep  the  block  moving  with 
uniform  velocity.  Therefore: 

Work  -  Fs 

=  80  lb  X  15  ft 
=  1.2  X  1  03  ft  •  lb,  Answer 


Self  Check 


1 .  If  a  30-lb  box  is  dragged  across  a  horizontal 
floor  by  a  force  of  10  lb,  what  is  the  normal 
force?  What  is  the  coefficient  of  friction? 

2.  How  much  work  is  done  to  drag  a  50-kg 
wooden  box  5.0  m  across  a  floor  if  the  co¬ 
efficient  of  friction  is  0.30? 


Problems 


A .  A  boy  is  able  to  exert  a  horizontal 
force  of  200  N.  How  many  kilograms  of  stone 
can  he  drag  along  a  surface  with  a  coefficient 
of  friction  of  0.25? 

v'2.  The  same  boy  attempts  to  drag  a 
200-kg  load  a  horizontal  distance  of  40  m. 
What  must  be  the  coefficient  of  friction  if  he  is 
to  be  successful,  and  how  much  work  will  he 
do? 
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3.  A  man  pushes  a  100-kg  block  a  dis¬ 
tance  of  5.0  m  across  a  surface  having  a  co¬ 
efficient  of  friction  of  0.20.  It  takes  him  8.0  sec 
to  do.the  job.  Find  his  power  output. 

V  4.  A  boy  pulls  a  5.0-kg  sled  at  uniform 
velocity  across  a  horizontal  patch  of  snow.  The 
sled  rope  makes  an  angle  of  30°  with  the  hori¬ 
zontal.  If  he  pulls  with  a  force  of  10  N,  what 
is  the  coefficient  of  friction?  (Hint:  The  nor¬ 
mal  force  is  not  what  you  might  think  at  first.) 


5.  If  the  coefficient  of  friction  between 
a  block  and  a  board  is  0.40,  what  force  is  re¬ 
quired  to  push  the  100-lb  block  up  a  20°  slope? 

6.  A  block  of  wood  is  placed  on  one  end 
of  a  board.  Then  the  end  of  the  board  is  raised 
until,  when  the  block  is  given  a  slight  push,  it 
slides  down  the  board  with  uniform  velocity. 
Prove  that  k  =  tan  A,  where  A  is  the  angle 
the  board  makes  with  the  horizontal. 


An  Inclined  Plane  Is  a  Simple  Machine 


7-8  What  is  a  machine?  Eggbeaters, 
automobile  jacks,  a  block  and  tackle,  a 
loading  ramp  —  all  of  these  are  machines. 
Just  what  do  they  have  in  common?  In 
other  words,  what  is  a  machine?  A  machine 
is  a  mechanical  device  that  makes  it  possi¬ 
ble  to  do  work  more  conveniently  by  in¬ 
creasing  the  speed  of  an  operation,  or  de¬ 
creasing  the  force  that  must  be  supplied,  or 
by  changing  the  direction  of  force.  It  is 
easier  to  beat  an  egg  with  an  eggbeater 
than  with  a  fork  because  you  can  make  the 
blades  go  faster  than  the  fork.  It  would  be 
impossible  for  most  people  to  lift  the  rear 
axle  of  a  car  so  a  tire  could  be  changed. 
With  a  jack,  even  a  child  can  raise  the  load. 

A  machine  is  not  a  source  of  energy.  To 
get  it  to  do  work,  you  must  supply  it  with 
energy  —  you  turn  an  eggbeater  handle  or 
push  down  on  a  jack  handle.  The  mechani¬ 
cal  work  done  on  a  machine  is  called  the 
work  input;  and  the  mechanical  work  ac¬ 
complished  by  the  machine  on  some  other 
object  is  called  its  work  output.  With  the 
car  jack,  for  example,  the  work  input  for 
each  push  you  make  is  equal  to  the  force 
you  exert  multiplied  by  the  distance  your 
hand  moves.  The  work  output  is  the  weight 
raised,  multiplied  by  the  distance  it  is 
raised. 

There  are  many  kinds  of  machines.  But 
in  physics,  as  in  any  science,  matters  have 


been  simplified  by  grouping  similar  devices 
together.  When  this  is  done,  many  of  the 
simpler  machines  can  be  classified  into  two 
groups:  inclined  planes  and  levers. 

7-9  Energy  is  conserved  when  work  is 
done.  The  two  men  in  Fig.  7-9a  are  roll¬ 
ing  a  400-lb  drum  of  syrup  up  a  16-ft  plank 
onto  a  loading  platform  2.0-ft  high.  How 
much  work  have  they  done  when  they  get 
to  the  top?  They  have  succeeded  in  raising 
the  drum  a  height  of  2.0  ft,  giving  it  poten- 

Figure  7-9  a.  The  two  men  rolling  the  syrup 
drum  up  the  inclined  plane  exert  a  force 
parallel  to  the  plane  which  is  less  than  the 
weight  of  the  drum. 


b.  The  force  that  must  be  used  to  roll  the 
barrel  up  the  incline  is  equal  in  magnitude  to 
the  component  of  the  weight  parallel  to  the 
slope. 


400  lb 


174 


CHAPTER  SEVEN 


tial  energy.  The  work  output  is  equal  to  the 
potential  energy  of  the  drum: 

work  output  =  Ep  —  Wh 

=  400  lb  X  2.0  ft 
=  8.0  X  102  ft- lb 

Is  this  the  same  as  the  work  input,  the 
work  actually  done  by  the  men?  Energy 
can  neither  be  created  nor  destroyed.  If 
there  were  no  friction,  then  the  work  input 
would  have  to  be  equal  to  the  work  output. 
But  if  there  is  friction,  some  of  the  work 
done  by  the  men  will  be  converted  to  heat 
energy  along  the  board,  and  they  will  have 
to  do  more  than  800  ft  ■  lb  of  work  to  raise 
the  syrup  barrel. 

The  law  of  conservation  of  energy,  as 
applied  to  a  simple  machine,  is  called  the 

law  of  work.  It  is: 

work  input  =  work  output  (if  no  work  is  wasted) 
work  input  =  work  output  +  work  wasted 

Work  is  always  wasted  in  overcoming 
friction.  It  may  also  be  wasted  if  part  of 
the  apparatus  that  carries  the  load  has  to  be 
lifted.  For  example,  a  giant  scoop  shovel 
may  weigh  many  hundreds  of  pounds,  yet 
the  work  done  in  lifting  it  is  wasted. 

7-10  Machines  provide  a  mechanical 
advantage.  You  know  from  past  experience 
that  it  would  be  easier  to  roll  the  barrel  up 
the  plank  than  to  lift  it.  In  Chapter  6  you 
learned  how  to  calculate  the  force  that  the 
men  must  use  (see  Fig.  7-9b).  The  com¬ 
ponent  of  the  weight  parallel  to  the  slope 
is  F.  Since  the  force  triangle  is  similar  to 
the  triangle  of  the  slopes: 

F  _  2.0  ft 
400  lb  ~~  16  ft 

„  2.0  ft  X  400  lb 

F  =  — — 

=  50  lb 

A  force  of  50  lb  up  the  slope  will  just  bal¬ 
ance  the  50-lb  component  down  the  slope, 


and  will  therefore  keep  the  barrel  moving 
at  uniform  velocity  if  there  is  no  friction. 
Since  the  barrel  is  being  rolled,  the  friction 
is  probably  quite  small. 

You  can  also  use  the  law  of  work  to  find 
the  force.  Assume  that  the  friction  is  zero 
and  use  the  form: 

work  input  =  work  output 

The  work  input  in  this  task  was  done  by 
rolling  the  drum  a  distance  of  16  ft.  Since 
work  =  Fs: 

F  X  16  ft  =  400  lb  X  2.0  ft 


F  - 


800  ft- lb 
16  ft 


50  lb 


Both  methods  give  the  same  answer.  Use 
the  method  you  prefer,  or  use  both  to  check 
your  accuracy. 

The  inclined  plane  was  a  great  help  to 
the  workmen.  Without  it  they  might  have 
found  it  impossible  to  raise  the  drum.  The 
inclined  plane  itself  did  no  work,  but  it 
made  it  possible  for  the  men,  by  exerting  a 
small  force  (501b),  called  the  input  force 
(F{),  to  raise  a  large  weight  (4001b), 
called  the  output  force  (F0).  The  ratio  of 
output  force  to  input  force  in  a  machine  is 
called  the  mechanical  advantage  (MA)  of 
the  machine: 


output  force 

mechanical  advantage  =  - 

input  force 


In  this  case: 


MA 


400  lb 

-  =  8.0 

50  lb 


Notice  that  the  units  cancel  out  when  you 
calculate  mechanical  advantage.  The  me¬ 
chanical  advantage  is  always  a  pure  num¬ 
ber  —  without  units. 
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50-lb  weight  component  down  the  slope 


Figure  7-10  If  a  load  is  slid  instead  of  rolled 
up  an  inclined  plane,  friction  may  be  greatly 
increased. 


7-11  The  ideal  mechanical  advantage 
is  never  attained.  So  far  friction  has  been 
slight,  and  it  has  been  ignored  in  order  to 
make  the  analysis  simpler.  But  in  actual 
situations  there  is  always  some  friction.  For 
example,  suppose  that  instead  of  the  400-lb 
syrup  drum,  the  workmen  drag  a  400-lb 
crate  up  the  inclined  plane  and  that  the 
force  of  friction  is  1101b  (Fig.  7-10). 
What  input  force  will  the  men  have  to 
exert? 


50  lb  would  be  needed  if  there  were  no 
friction  ( as  in  the  drum  problem ) . 
110  lb  must  be  supplied  to  overcome  fric- 
_ tion. 

160  lb  is  the  total  input  force  required. 


The  output  force  is  still  400  lb.  The  me¬ 
chanical  advantage  has  changed: 


MA  = 


Fo 

Fi 


400  lb 
160  lb 


=  2.5 


The  mechanical  advantage  that  takes  into 
account  the  real  frictional  force  is  called  the 

actual  mechanical  advantage;  the  mechan¬ 
ical  advantage  that  would  exist  if  the  fric¬ 
tion  were  zero  is  called  the  ideal  mechani¬ 
cal  advantage. 

The  ideal  mechanical  advantage  can  be 
calculated  from  the  geometry  of  the  in¬ 
clined  plane.  Let  the  distance  the  men 
exert  their  input  force  along  the  slope  be 


called  the  input  distance  (s;)  and  let  the 
height  the  load  is  raised  be  called  the  out¬ 
put  distance  ( sQ ).  If  there  were  no  fric¬ 
tion,  the  law  of  work  would  be: 

work  input  =  work  output 

F  i  S{  — -  F  0Sq 

This  can  be  rearranged: 

Si  _  Fo 
So  F  j 

Since  F0/F{  is  the  definition  of  mechanical 
advantage,  then  sjs0  must  be  the  mechani¬ 
cal  advantage  when  there  is  no  friction.  It 
is  the  ideal  mechanical  advantage  of  an 
inclined  plane.  The  inclined  plane  of  Fig. 
7-9  and  7-10  has  an  ideal  mechanical 

,  r  16  ft  on 

advantage  of  ^'q  p  =  °-0. 

The  definitions  of  actual  and  ideal  me¬ 
chanical  advantage  given  for  the  inclined 
plane  also  hold  for  other  machines.  For 
the  inclined  plane  only,  the  ideal  mechani¬ 
cal  advantage  can  also  be  defined  as: 

distance  along  the  slope 
ideal  MA  =  — i — — — — - : 

height  of  the  plane 


7-12  No  machine  is  perfectly  efficient. 

Friction  or  no  friction,  you  can  neither 
create  nor  destroy  energy.  Analyze  the 
work  input  and  work  output  in  the  problem 
of  Fig.  7-10: 

Work  input:  To  raise  load 

50  lb  X  16  ft  =  800  ft -lb 

To  overcome  friction 

1  1 0  lb  X  1  6  ft  =  1760  ft  -  lb 
Total  2560  ft -lb 


Work  output: 

Stored  as  potential  energy  of  raised 
load  400  lb  X  2.0  ft  =  800  ft  •  lb 

Converted  to  heat 

energy  by  friction  1760  ft  •  lb 


Total 


2560  ft  -  lb 
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Of  the  work  output,  only  the  potential 
energy  of  the  raised  load  is  useful.  Thus 
you  see  that  although  the  use  of  this  simple 
machine  has  not  destroyed  energy,  it  has 
wasted  it;  that  is,  the  machine  has  not 
been  perfectly  efficient. 

useful  work  output 

Efficiency  is  defined  as - - - - - • 

total  work  input 

In  the  case  of  the  crate  and  the  inclined 
plane: 

800  ft-lb 

efficiency  =  - - - -  -  0.31  =  31% 

1  2560  ft-lb  7 

Note  the  efficiency  is  a  number  without 
units.  It  is  usually  expressed  as  a  percent 
rather  than  as  a  fraction. 

The  efficiency  of  a  simple  machine  can 
also  be  calculated  from  the  formula: 

actual  MA 

efficiency  =  - 

ideal  MA 

You  should  be  able  to  prove  that  this  for¬ 
mula  is  correct.  Study  Example  2  at  the 
right  and  note  how  the  problem  is  checked. 

7-13  A  wedge  is  an  inclined  plane. 

The  tree  trunk  in  Fig.  7-11  has  been 
notched  with  an  axe  at  the  left  and  sawed 
nearly  through  on  the  right.  The  lumber¬ 
jack  inserts  the  point  of  a  steel  wedge  in 


Figure  7—11  When  a  wedge  is  driven  toward 
the  left,  the  right  side  of  the  tree  is  tilted  and 
the  tree  topples  toward  the  left,  as  shown  by 
the  arrow.  The  notch  cut  low  on  the  left  helps 
determine  the  direction  in  which  the  tree  will 
be  felled. 


EXAMPLE  2 


A  box  weighing  50.0  kgf  is  pushed  up  a  slope 
10.0  m  long  and  1.0  m  high.  If  it  takes  a  force  of 
8.0  kgf  to  push  the  box,  find  (a)  the  efficiency  of 
the  incline  and  (b)  the  force  of  friction. 


Given: 


F0  =  50.0  kgf  s0  =  1.0  m 

Fi  =  8.0  kgf  Si  =  10.0  m 


To  find:  (a)  efficiency;  (b)  force  of  friction 


Solution:  (a)  work  input 


FiS{ 

8.0  kgf  X  1  0.0  m 

80  kgf • m 


Useful  work  output  = 


F  0S0 

50.0  kgf  X  1 .0  m 
50  kgf • m 


useful  work  output 

efficiency  =  - - 

total  work  input 


50  kgf • m 
80  kgf  •  m 


0.62 


=  62%,  Answer 


Check  by  using  another  method: 


actual  MA  = 


K 

Fi 


50.0  kgf 
8.0  kgf 


Si  1  0.0  m 

ideal  MA  =  -  =  - - -  =  10 

Sa  1 .0  m 

actual  MA  6.2 

efficiency  =  - - — -  =  - 

ideal  MA  10 

=  62%,  Check 


(b)  work  done  against  friction 

=  total  input  —  useful  output 
Ff  X  1  0.0  m  =  80  kgf  •  m  —  50  kgf  •  m 
=  30  kgf  •  m 
Ff  =  3.0  kgf,  Answer 
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the  cut  made  by  the  saw  and  pounds  on  it. 
The  wedge  is  shaped  like  an  inclined  plane, 
but  instead  of  being  a  stationary  one,  it 
moves,  exerting  the  input  force.  The  output 
force  is  provided  by  the  weight  of  the 
tree.  If  the  wedge  is  8  in  long  and  1  in 
thick  at  the  outer  end,  then  when  the  wedge 
has  moved  8  in,  the  outer  edge  of  the  tree 
will  have  been  raised  1  in.  The  ideal  MA 
is  8  in/1  in  or  8,  but  since  there  is  a  great 
deal  of  friction,  the  actual  MA  will  be  much 
smaller.  This  means,  of  course,  that  the 
efficiency  of  a  wedge  is  low. 

You  may  never  have  used  a  wedge  to  fell 
lumber  or  to  split  logs,  but  you  have  surely 
used  one  many  times.  Knives,  hatchets, 
chisels,  and  planes  are  all  wedges.  A  pair  of 
scissors  is  really  two  wedges  whose  sharp 
edges  slide  past  each  other.  Wedges  are 
often  used  to  keep  doors  from  closing.  In 
this  case,  too,  they  are  simple  machines.  A 
push  or  a  kick  on  the  wedge  produces  a 
large  frictional  force,  one  large  enough  to 
keep  the  door  from  moving. 

7-14  A  screw  is  an  inclined  plane. 

A  screw  is  a  type  of  inclined  plane  wrapped 
around  a  cylinder,  as  shown  in  Fig.  7-12a. 
The  jackscrew  shown  in  Fig.  7-12b  involves 
a  screw  and  also  a  lever. 

Figure  7— 12a  A  screw  may  be  thought  of  as  an 
inclined  plane  wrapped  around  a  cylinder.  For 
the  entire  screw,  the  s0  would  be  the  height  of  the 
inclined  plane,  while  s i  would  be  its  slant  length. 


Using  screws  and  wedges  usually  pro¬ 
duces  much  friction.  In  both  cases,  of 
course,  the  friction  is  really  an  advantage. 
It  prevents  the  output  force  from  squeezing 
the  wedge  out  or  turning  the  screw  back¬ 
wards  when  the  input  force  is  removed. 

Many  kinds  of  screws  are  used  in  com¬ 
mon  devices  around  the  house:  nuts  and 
bolts,  wood  screws,  adjustable  piano  stools, 
the  feeding  mechanism  of  a  food  grinder, 
the  threaded  tip  of  a  bit.  Propellers  on 
ships  and  airplanes  are  screws  that  dig  their 
way  through  the  water  or  air. 


Self  Check 


1 .  What  is  a  machine? 

2.  What  two  kinds  of  machines  include  many 
simple  machines? 

3.  State  the  law  of  work  in  the  case  in  which 
there  is  friction. 

4.  A  60-lb  cylinder  is  rolled  up  an  inclined 
plane  5.0  ft  long  and  1.0  ft  higher  at  one 
end  than  the  other.  Assume  that  there  is 
no  friction,  (a)  What  is  the  work  output? 
(b)  What  is  the  work  input?  (c)  What  is 
the  mechanical  advantage?  (d)  What  is 
the  input  force? 

5.  If  a  force  of  20  N  is  applied  to  a  jack- 
screw,  it  can  lift  a  load  of  3000  N.  What  is 
the  mechanical  advantage? 

Figure  7-12b  In  this  construction  jack  the  shaft 
rises  by  a  distance  equal  to  the  pitch  of  the  screw 
every  time  the  jack  handle  is  pushed  through  a 
complete  circle.  Therefore,  s0  is  the  pitch  and  s; 
is  hr  l,  where  l  is  the  length  of  the  jack  handle. 
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6.  Is  the  answer  you  gave  to  Problem  5  the 
actual  or  the  ideal  MA? 

7.  Compare  the  size  of  the  actual  MA  with 
that  of  the  ideal  MA  in  any  machine. 

8.  What  is  the  work  input  to  a  machine  that 
does  5000  J  of  work  at  an  efficiency  of 
50  %? 

9.  Why  is  a  screw  considered  to  be  a  form 
of  inclined  plane? 

10.  What  other  machine  was  described  in  this 
section  as  being  a  form  of  inclined  plane? 


Problems 


Assume  that  there  is  no  friction  in  Prob¬ 
lems  1  and  2. 

1  •  A  loading  ramp  for  putting  crates  of 
apples  in  a  truck  consists  of  a  set  of  steel  rollers 
arranged  like  rungs  in  a  ladder.  Calculate  the 
work  input,  work  output,  and  the  mechanical 
advantage  if  600  lb  of  apples  are  sent  up  a 
ramp  12  ft  long  and  3.0  ft  higher  at  the  truck 
end  than  at  the  other  end. 

2.  The  mechanical  advantage  of  an  in¬ 
clined  plane  is  4.  What  is  the  work  input  when 
a  2000-N  load  is  moved  10  m  along  the  slope? 

3.  An  inclined  plane  is  6.0  m  long  and 
1.5  m  higher  at  one  end  than  the  other.  A  force 
of  80  N  is  required  to  push  a  box  that  weighs 
250  N  up  the  slope.  Find  the  actual  and  ideal 
mechanical  advantage. 

4.  An  inclined  plane  is  20.0  m  long  and 
4.0  m  high.  A  man  rolls  a  60-kg  barrel  up  the 
slope,  using  a  force  of  20  kgf.  Find  the  effi¬ 
ciency  and  the  force  of  friction. 


5.  Show  how  this  equation  is  derived: 
efficiency  =  actual  MA/ideal  MA. 

6.  With  what  force  would  you  have  to 
hammer  on  a  wedge  20  in  long  and  0.5  in  thick 
at  the  broad  end  in  order  to  lift  a  4000-lb  load 
if  there  were  no  friction? 

7.  With  what  force  would  you  have  to 
hammer  on  the  wedge  of  Problem  6  if  the 
wedge  had  an  efficiency  of  50  %? 

8.  What  is  the  efficiency  of  a  jackscrew 
if  the  pitch  of  the  screw  is  14  in,  the  distance 
from  the  end  of  the  handle  to  the  center  is  2  ft, 
and  a  force  of  100  lb  is  required  at  the  end  of 
the  handle  to  raise  a  load  of  6  tons? 

9.  Find  the  coefficient  of  friction  along 
an  inclined  plane  20  m  long  and  6.0  m  high  if 
an  input  force  of  50  kgf  parallel  to  the  plane 
will  move  a  load  of  100  kg  up  the  slope. 


Discussion  Questions 


1 .  Over  the  centuries  many  people  have  hoped 
to  make  a  “perpetual  motion  machine”  — 
one  that,  once  started,  would  continue  to  do 
work  indefinitely  without  being  supplied 
with  energy.  What  fundamental  law  is  vio¬ 
lated  by  such  a  machine? 

2.  If  friction  were  eliminated  completely  from 
the  bearings  of  a  wheel,  and  if  it  were  in  a 
vacuum  so  that  there  was  no  air  resistance 
to  slow  it,  it  should  go  forever  when  once 
started.  Would  this  be  a  perpetual  motion 
machine  in  the  sense  of  the  definition  of 
Question  1? 


A  Lever  Is  a  Simple  Machine 


7-15  The  law  of  moments  applies  to  a 

lever.  The  man  in  Fig.  7-13a  is  using  a 
wrecking  bar  to  raise  a  heavy  rock.  A  rigid 
bar  that  can  be  rotated  about  a  fulcrum  in 
order  to  lift  a  load  is  a  simple  machine, 


called  a  lever.  In  this  case  the  fulcrum  is 
at  the  point  where  the  bar  rests  on  the 
stone.  The  man  exerts  an  input  force  at  one 
end  of  the  bar,  and  the  stone  exerts  the 
output  force  at  the  other  end.  The  forces 
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a 


a.  A  wrecking  bar  is  a  simple  ma¬ 
chine  of  the  lever  type. 

b.  The  forces  acting  on  the  bar  above 
are  shown  in  the  diagram  at  the  left. 
For  equilibrium,  the  moments  around 
the  fulcrum  must  balance: 

F0  X  rQ  =  F{  X  rt 

Dividing  through  by  X  rQ,  you  get: 


Since  the  triangles  are  similar: 

input  arm 
r0  output  arm 

Therefore: 

input  arm 

MA  =  - - — 

output  arm 


acting  on  the  bar  are  diagramed  in  Fig.  7- 
13b.  The  distance  along  the  bar  from  the 
fulcrum  to  the  input  force  is  called  the 
input  arm;  that  from  the  fulcrum  to  the  out¬ 
put  force  is  the  output  arm.  When  the  law 
of  moments  is  applied  to  the  lever,  the 
explanation  under  Fig.  7-13b  shows  that: 

input  arm 

MA  =  — - 

output  arm 

Since  friction  is  of  minor  importance  with 
a  lever,  this  equation  usually  serves  both 
for  actual  and  ideal  MA.  However,  the 
weight  of  the  bar  itself  may  have  an  effect. 
Since  the  center  of  gravity  of  the  bar  is  to 
the  right  of  the  fulcrum  in  Fig.  7-13,  the 
weight  would  actually  help  to  lift  the  rock, 
so  the  man  would  not  have  to  exert  as  large 
an  effort  force  as  otherwise.  However,  in 
physics  you  never  get  something  for  noth¬ 
ing.  Although  the  weight  of  the  bar  helps 


the  man  to  do  his  work,  he  had  to  lift  the 
bar  in  the  first  place.  The  extra  work  he 
gets  out  of  the  bar  on  the  push  down  is 
equal  to  the  work  he  did  to  raise  it. 

The  mechanical  advantage  of  a  lever  can 
be  varied  by  a  change  in  the  position  of  the 
fulcrum,  as  shown  in  Fig.  7-14. 

Figure  7—14  If  the  fulcrum  is  moved,  the 
mechanical  advantage  of  the  wrecking  bar 
changes.  Here  the  ideal  MA  is 


3.5  ft 
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7-16  Levers  are  very  common.  Figure 
7-15  shows  a  variety  of  levers  in  common 
use.  Notice  that  some  have  the  fulcrum  at 
the  end  and  some  nearer  the  center.  No¬ 
tice  for  the  wheelbarrow  and  nutcracker, 
for  example,  how  the  output  and  input 

Figure  7-15  All  these  devices  are  levers, 
triangle. 


a.  Tinsnips  and  pliers  are  made  of  a  pair  of 
levers.  The  force  that  does  the  cutting  is 
greater  than  the  force  on  the  handles. 


c.  A  nutcracker  is  a  pair  of  levers  with  the 
fulcrum  at  one  end.  Notice  how  the  input  and 
output  arms  are  measured  in  this  case. 


e.  A  wheelbarrow  has  an  input  arm  much 
longer  than  its  output  arm  and  thus  has  a 
large  MA. 


arms  are  measured  when  the  fulcrum  is  at 
the  end.  A  machine  is  considered  to  be  a 
lever  even  if  the  bar  is  bent. 

Some  machines  are  designed  to  multiply 
the  speed  or  distance  of  an  operation  in¬ 
stead  of  the  force.  Shears  with  blades 

The  fulcrum  in  each  case  is  indicated  by  a 


b.  The  MA  of  these  shears  is  greater  than  1 
when  the  cutting  starts,  and  becomes  less  than 
1  when  cutting  occurs  at  the  place  indicated 
by  the  arrows  on  the  blades. 


d.  Tweezers  also  have  the  fulcrum  at  one  end, 
but  the  positions  of  the  input  and  output 
forces  are  reversed,  as  compared  with  the 
nutcracker. 


f.  A  fishpole  has  a  mechanical  advantage  that 
is  less  than  1 .  This  makes  possible  greater 
speed  of  movement  at  the  output  end. 
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EXAMPLE  3 

A  man  carries  a  500-lb  load  of  rocks  in  a  wheelbarrow.  The  center  of  gravity  of  the  load  is  1 0  in. 
from  the  axle  of  the  wheel;  he  holds  the  handles  at  a  point  3.0  ft  from  the  axle.  Find  (a)  the  ideal  MA 
of  the  wheelbarrow;  (b)  the  input  force.  (Ignore  the  weight  of  the  wheelbarrow.) 


Given: 

To  find:  (a)  ideal  MA;  (b)  Fi 


n  i  ■  i  \  input  arm 

solution:  (a)  ideal  MA  =  - - 

output  arm 

36  in 

=  -  =  3.6,  Answer 

10  in 

(b)  assume  ideal  MA  =  actual  MA 


actual  MA  =  — 


3.6 

3 .6Fi 

Fi 


K 

Fi 

500  lb 


F ■ 

1  l 

500  lb 

1.4  X  102  lb. 

Answer 


longer  than  the  handles,  and  a  fishpole  are 
examples  (Fig.  7-15b  and  f).  They  have 
a  mechanical  advantage  that  is  less  than  1. 
With  a  fishpole  you  might  exert  a  force  of 
10  lb  near  the  handle  in  order  to  lift  a  1-lb 
fish.  With  a  heavier  fish  you  slip  your  hand 
along  the  pole  to  increase  the  MA.  The 
chief  values  of  this  machine  are  the  speed 
with  which  you  are  able  to  cast  and  to 
maneuver  the  fish  and  the  distance  you  can 
cover.  A  bicycle  is  another  machine  in 
which  increase  in  speed  is  desired.  Study 
Example  3  above.  In  actual  practice  can 
the  weight  of  the  wheelbarrow  be  ignored? 


7-17  A  wheel  and  axle  is  a  lever.  The 

simplest  form  of  wheel  and  axle  is  sketched 
in  Fig.  7-16a.  In  Fig.  7-16b  you  see  it  from 
the  end.  The  length  of  the  handle  (PO)  is 
the  input  arm,  and  the  radius  of  the  cylin¬ 
der  ( OQ )  is  the  output  arm.  The  law  of 
moments  applies  here,  just  as  for  the  wreck¬ 
ing  bar,  and  the  line  POQ  may  be  thought 
of  as  a  lever.  The  lever  keeps  rotating,  as 
shown  in  Fig.  7-1 6c.  For  the  wheel  and 

axle  shown,  the  ideal  MA  is  ^  ,  or  6. 

2  in 

There  is  always  friction  with  a  wheel  and 
axle,  so  the  actual  MA  is  less  than  this. 


Figure  7-16  The  simple  wheel  and  axle  at  the  left  can  be  thought  of  as  a  lever.  The  center 
diagram  shows  the  situation  as  seen  from  the  end.  The  lever  rotates  continuously  as  shown 


Figure  7-17  A  single  fixed  pulley  is  like  a 
continuously  rotating  lever  with  a  mechanical 
advantage  of  1 . 


F0 


Figure  7-19  In  this  pulley  combination,  a  sin¬ 
gle  fixed  pulley  has  been  added  to  the  single 
movable  pulley  device.  The  second  pulley 
merely  changes  the  direction  of  the  input 
force.  It  does  not  alter  the  MA  of  the  system. 


7-18  A  pulley  is  a  lever.  A  single  fixed 
pulley,  as  in  Fig.  7-17,  is  a  lever  with 
the  fulcrum  at  the  center.  The  mechanical 
advantage  of  a  single  fixed  pulley  is  1.  Its 
only  use  is  that  it  changes  the  direction 
in  which  the  force  must  be  exerted. 

In  Fig.  7-18a,  a  single  pulley  is  rigged  as 
a  movable  pulley.  The  diagram  in  Fig. 
7-18b  shows  that  this  may  be  thought  of 
as  a  lever  with  the  fulcrum  at  one  end.  The 
input  arm  is  equal  to  the  diameter  of  the 
pulley  wheel,  and  the  output  arm  is  equal 
to  its  radius.  Therefore: 

input  arm  diameter 

ideal  MA  =  -  =  - - -  =  2 

output  arm  radius 


Figure  7-18  A  single  movable  pulley  may  be 
thought  of  as  a  lever  with  a  mechanical  ad¬ 
vantage  of  2. 


i 1  output  arm 

F„ 


1 000  gf 


In  Fig.  7-19  a  single  fixed  pulley  has 
been  added  to  the  single  movable  pulley, 
the  purpose  being  to  permit  the  operator  to 
exert  the  input  force  downward  rather  than 
upward.  The  addition  of  this  fixed  pulley 
does  not  affect  the  MA  of  the  system. 

There  are  two  other  ways  to  analyze  the 
pulley  system  of  Fig.  7-18.  For  example, 
the  load  of  1000  gf  is  obviously  supported 
by  the  two  strands  of  rope,  A  and  B.  Since 
these  two  strands  share  the  load  equally, 
each  has  a  tension  of  500  gf  when  there  is 
no  friction.  But  the  tension  in  B  is  also  the 
input  force,  F*.  Therefore  the  ideal  MA  is: 


ideal  MA 


Fo 

Fi 


1000  gf 
500  gf 


2.00 


Figure  7-20  When  the  mov¬ 
able  pulley  rises  20  cm,  a 
total  of  40  cm  must  be  taken 
in  at  B.  This  is  another  way 
of  analyzing  the  MA  of  a 
single  movable  pulley  system. 


Fo 


a 


b 
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Another  analysis  is  illustrated  in  Fig. 
7-20.  Here  the  pulley  system  is  shown  in 
two  positions.  The  dotted  diagram  shows 
the  movable  pulley  20  cm  higher  than  the 
solid  line  diagram;  that  is,  s0  =  20  cm.  To 
accomplish  this,  each  of  the  two  supporting 
strands  is  shortened  20  cm.  Therefore  B 
must  have  moved  up  40  cm  and  =  40  cm. 
Consequently: 

Si  40  cm 

ideal  MA  =  —  —  -  =  2.0 

s0  20  cm 

Of  these  three  methods  for  determining 
the  ideal  MA  of  a  pulley  system  the  sim¬ 
plest  one  is  to  count  the  strands.  A  useful 
rule  is  that  the  ideal  MA  of  a  pulley  system 
like  the  ones  shown  here  is  equal  to  the 
number  of  strands  directly  supporting  the 
moving  pulley  or  pulleys.  Note  that  if  the 
last  strand  from  a  fixed  pulley  is  downward, 
it  merely  changes  the  direction  of  the  effort 
force;  do  not  count  that  strand. 

The  combination  of  a  set  of  fixed  pulleys 
with  a  set  of  movable  ones,  arranged  like 
those  in  Fig.  7-21,  is  called  a  block  and 
tackle-  They  are  drawn  this  way  although 
they  are  more  likely  to  look  like  Fig.  7-22. 
Study  Example  4  at  the  right. 

7-19  Compound  machines  are  made 
up  of  simple  ones.  The  mechanical  device 


EXAMPLE  4 

Find  the  ideal  and  actual 
MA's  and  the  efficiency  of 
the  pulley  system  shown  in 
the  diagram. 

Given:  Data  in  diagram 

To  find:  Ideal  MA,  actual 
MA,  efficiency 

Solution:  Ideal  MA  =  4.0  (The  rope  down  at  the 
right  merely  changes  the  direction  for 
convenience.  It  does  not  support  the  load,) 

Answer 

.  .  B  o 

actual  MA  =  ~ 

Fi 

1000  kgf 

400  kgf 

=  2.5  Answer 

actual  MA 

efficiency  =  - 

ideal  MA 

2.5 

4.0 

=  63%,  Answer 


Figure  7-21  What  is  the  ideal  MA  of  each  of  these  pulley  systems? 


Figure  7-22 


Figure  7-23  A  compound  machine  such  as  this  one,  which 


in  Fig.  7-23  includes  an  inclined  plane,  a 
pulley  system,  and  a  windlass.  A  device 
such  as  this  that  combines  two  or  more 
simple  machines  is  called  a  compound 
machine. 

The  total  mechanical  advantage  of  such 
a  compound  machine  is  equal  to  the  prod¬ 
uct  of  the  MA’s  of  each  of  the  several  sim¬ 
ple  machines  involved.  In  this  case  the 
ideal  MA  is  4  (for  the  plane)  X  5  (for  the 
block  and  tackle)  X  12  (for  the  windlass), 
or  240.  If  the  efficiency  of  the  plane 
is  50%,  that  of  the  pulleys  90%,  and  that  of 
the  windlass  80%,  then  the  overall  ef¬ 
ficiency  is  the  product  of  these:  0.50  X 
0.90  X  0.80  =  0.36,  or  36%.  Therefore  the 
actual  MA  of  the  system  as  a  whole  is 
0.36  X  240,  or  86. 

7-20  What  is  a  machine?  This  ques¬ 
tion  was  asked  at  the  beginning  of  the  dis¬ 
cussion  of  machines.  By  now  you  should 
have  a  clearer  understanding  of  what  a 
physicist  means  by  this  term.  A  machine 
is  a  mechanical  device  that  makes  it  possi¬ 
ble  to  do  work  more  conveniently.  The 
machine  itself  is  not  a  source  of  energy. 
Rather  work  is  fed  into  it,  and  the  ma¬ 
chine  changes  the  work  in  one  of  three 
ways: 

1.  The  direction  of  the  force  may  be 
changed,  so  that  it  is  more  conveni¬ 


ent  to  apply.  With  the  single  fixed 
pulley,  for  example,  you  can  raise  a 
load  by  pulling  down  instead  of  up. 
In  this  case  the  mechanical  advantage 
is  1. 

2.  The  magnitude  of  the  force  may  be 
changed,  so  that  a  small  input  force 
can  be  used  to  overcome  a  large  out¬ 
put  force.  The  inclined  plane  is  usu¬ 
ally  used  in  this  way,  and  so  are  most 
pulley  systems,  the  wheel  and  axle, 
and  many  levers,  such  as  the  wreck¬ 
ing  bar.  In  this  case  the  mechanical 
advantage  is  greater  than  1. 

3.  The  magnitude  of  the  force  may  be 
decreased  in  order  that  speed  or  dis¬ 
tance  may  be  increased.  This  is  the 
situation  with  a  fishpole,  egg  beaters, 
and  a  bicycle.  Here  the  mechanical 
advantage  is  less  than  1. 

Most  machines  use  the  principle  of  the 
inclined  plane  or  the  lever,  although  some 
cannot  be  analyzed  in  this  way. 


Self  Check 


1.  What  is  the  ideal  mechanical  advantage  of 
a  lever? 

2.  What  must  you  know  about  a  wheel  and 
axle  in  order  to  calculate  its  ideal  MA? 

3.  What  is  the  mechanical  advantage  of  a  sin¬ 
gle  fixed  pulley? 
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4.  In  what  way  is  a  single  fixed  pulley  useful? 

5.  What  is  an  easy  way  in  which  to  determine 
the  ideal  MA  of  a  block  and  tackle? 

6.  How  is  the  mechanical  advantage  of  a  com¬ 
pound  machine  determined? 

7.  In  what  way  is  a  machine  with  a  mechan¬ 
ical  advantage  less  than  1  useful?  with  a 
mechanical  advantage  greater  than  1? 


Problems 


1.  The  tinsnips  of  Fig.  7-l5a  have  han¬ 
dles  10.0  in  long  and  the  person  who  uses  them 
applies  the  force  1.0  in  from  the  end  of  the  han¬ 
dle.  What  is  the  mechanical  advantage  when 
the  blades  are  cutting  a  piece  of  metal  placed 
0.50  in  from  the  fulcrum?  How  can  the  opera¬ 
tor  increase  the  mechanical  advantage?  How 
can  he  decrease  the  mechanical  advantage? 

2.  The  handles  of  a  nutcracker  are  15  cm 
long.  How  much  force  do  you  exert  on  a  nut 
placed  3.0  cm  from  the  hinge  if  you  push  with 
a  force  of  20  N  at  the  end  of  the  handles? 

3.  What  is  the  mechanical  advantage  of 
the  fishpole  of  Fig.  7-15f  if  the  pole  is  8.0  ft 
long  and  the  distance  between  the  fisherman’s 
two  hands  is  1.0  ft?  What  is  the  heaviest  fish 
he  can  lift  if  he  applies  an  upward  force  of 
20  lb  while  keeping  the  hand  at  the  end  of  the 
pole  stationary?  How  could  he  make  it  easier 
to  lift  a  fish? 

4.  What  is  the  ideal  mechanical  advan¬ 
tage  of  a  wheel  and  axle  if  the  diameter  of  the 
axle  is  4.0  cm  and  the  length  of  the  crank  is 
30.0  cm? 

5.  A  wheel  and  axle  has  an  ideal  MA  of 
20.  What  is  its  efficiency  if  a  force  of  3.0  kgf 
on  the  crank  will  lift  a  load  of  40.0  kgf? 

6.  What  is  the  ideal  MA  of  each  of  the 
pulley  systems  of  Fig.  7-21? 

7.  Draw  a  pulley  system  with  an  ideal 
MA  of  6. 

8.  The  pulley  system  of  Problem  7  is 
used  to  raise  a  load  of  500  kgf.  What  force  is 
required  if  the  friction  is  ignored? 

9.  If  the  pulley  system  of  Problem  7  is 
90%  efficient,  what  force  will  be  required  to 
lift  a  load  of  500  kgf? 


Figure  7-25 

1 0.  If  the  load  is  raised  2.0  m  by  the  pulley 
system  of  Problem  7,  how  many  meters  of  rope 
will  have  to  be  pulled  down  by  the  operator? 

1 1 .  What  is  the  ideal  MA  of  the  pulley 
system  of  Fig.  7-24?  You  cannot  figure  it  by 
counting  cords.  Start  with  output  force  (F0) 
and  figure  the  tension  in  the  ropes  supporting 
pulley  A.  Then  repeat  for  pulley  B,  and  so  on. 

12.  Figure  7-25  is  a  diagram  of  a  differ¬ 
ential  pulley  or  chain  hoist  used  to  lift  very 
heavy  loads.  The  two  pulley  wheels  at  the  top 
are  rigidly  fastened  together  so  that  they  rotate 
at  the  same  rate.  The  wheels  have  teeth  that 
engage  the  links  of  the  chain  so  that  it  cannot 
slip.  The  input  force  is  applied  as  shown.  The 
part  of  the  chain  marked  c  exerts  a  negligible 
force.  Think  of  the  upper  pair  of  pulleys  as  a 
lever  and  show  that  the  ideal  MA  of  the  system 

2h 

is  - - ,  where  b  is  the  radius  of  the  larger 

b  —  a 

top  pulley  and  a  is  the  radius  of  the  smaller 
one. 


Discussion  Questions 


1.  Why  do  ballplayers  hold  their  hands  close 
together  on  the  bat  to  hit  a  home  run  and 
far  apart  for  a  bunt? 

2.  In  addition  to  friction,  a  block  and  tackle 
has  another  important  cause  of  inefficiency. 
What  is  it?  How  can  this  cause  be  mini¬ 
mized? 
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CHAPTER  SEVEN 


3.  A  machine  for  lifting  weights  consists  of  a 
sealed  box  suspended  from  above.  Two 
ropes  hang  down  from  the  box,  coming  out 
through  holes  in  the  bottom.  You  are  as¬ 
signed  the  problem  of  determining  which 
rope  should  be  used  for  the  weight  and  of 
determining  the  ideal  and  actual  MA’s  of 
the  machine.  How  could  you  do  it? 


Chapter 

Summary 


Friction  is  a  force  that  exists  between  sur¬ 
faces.  It  opposes  the  motion  of  one  surface 
over  another  largely  because  of  attraction  of 
the  surfaces  for  each  other,  but  also  because  of 
irregularities  in  the  surfaces.  The  magnitude 
of  the  force  of  friction  is  directly  proportional 
to  the  force  pressing  the  surfaces  together  and 
depends  on  the  nature  of  the  surfaces  and  the 
kind  of  motion.  In  general,  it  is  independent 
of  overall  area.  Starting  friction  is  greater 
than  sliding  friction,  which  in  turn  is  greater 
than  rolling  friction.  Friction  decreases  slightly 
as  the  speed  goes  up,  except  when  the  speed  is 
extremely  slow.  The  laws  of  friction  are  em¬ 
pirical  laws  and  are  approximately  true.  Work 
done  to  overcome  friction  is  largely  converted 
to  heat  energy.  The  coefficient  of  friction  is 
the  ratio  between  frictional  force  and  the  force 
pressing  the  sliding  surfaces  together. 

A  machine  is  a  mechanical  device  that 
makes  it  possible  to  do  work  more  conveniently 
by  changing  the  applied  force  in  direction  or 
in  magnitude  or  both.  Most  complex  ma¬ 
chines  are  combinations  of  simple  ones  that 
may  be  classified  as  either  inclined  planes  or 
levers.  The  law  of  conservation  of  energy  ap¬ 
plies  to  machines.  The  work  input  must  be 
equal  to  the  work  output  plus  the  energy 
wasted  in  overcoming  friction  or  in  other  ways. 
The  ratio  of  output  force  to  input  force  for  a 
machine  is  called  its  actual  mechanical  ad¬ 
vantage.  The  ideal  mechanical  advantage  is 
the  mechanical  advantage  of  a  machine  that 
wastes  no  energy;  it  can  be  calculated  from  the 
geometry  of  the  machine.  The  efficiency  of  a 


machine  is  the  ratio  of  the  useful  work  output 
to  the  total  work  input.  It  can  also  be  calcu¬ 
lated  from  the  actual  and  ideal  mechanical 
advantages.  The  loading  ramp,  wedge,  and 
screw  are  forms  of  inclined  planes.  The  law 
of  moments  can  be  applied  to  a  study  of 
levers.  Many  simple  tools  are  levers.  The 
wheel  and  axle  and  the  pulley  may  be  con¬ 
sidered  kinds  of  levers.  A  machine  with  a  me¬ 
chanical  advantage  greater  than  1  multiplies 
the  applied  force;  one  with  a  mechanical  ad¬ 
vantage  less  than  1  multiplies  the  speed  of  the 
operation;  and  one  with  a  mechanical  advan¬ 
tage  of  1  simply  changes  the  direction  of  the 
force. 

Vocabulary- 

machine 

(p.  165, 173) 
stick-slip  (p.  166) 
force  of  friction 
(p.  167) 
sliding  friction 

(p.  168) 

starting  friction 
(p.  169) 
rolling  friction 
(p.  169) 
laws  of  friction 
(p.  170) 
empirical  laws 
(p.  170) 

normal  force  (p.  171) 
coefficient  of  friction 
(P-172) 

work  input  and  output 

(p.173) 

law  of  work  ( p.174 ) 


Problems 

1 .  A  2.0-lb  block  sliding  across  a  floor  at 
20  ft/sec.  comes  to  rest  in  5.0  sec.  What  is  the 
coefficient  of  friction? 

2.  How  long  should  a  ramp  be  in  order 
that  a  20-kgf  force  can  be  used  to  push  a 
wheelchair  up  the  ramp  to  a  height  of  4.0  m  if 
the  wheelchair  and  occupant  weigh  120  kgf 
and  friction  is  ignored? 


input  force;  output 
force  (p.  174) 
mechanical 

advantage,  actual 
and  ideal  (p.  175) 
input  distance;  output 
distance  (p.  175) 
efficiency  (p.  175) 
inclined  plane, 
wedge;  screw 
(p.  176) 

lever;  wheel  and  axle; 
pulley;  block  and 
tackle  (p.  178) 
input  arm;  output  arm 
(p.  179) 

block  and  tackle 
(p.183) 

compound  machine 
(p. 184) 


3.  How  long  should  the  ramp  of  Prob¬ 
lem  2  be  if  there  is  a  frictional  force  of  4  kgf 
and  if  the  total  force  to  push  the  wheelchair  is 
still  to  be  20  kgf? 

4.  An  inclined  plane  24.0  m  long  and 
3.0  m  high  has  an  efficiency  of  80%.  What 
force  is  required  to  move  a  load  weighing 
750  N  up  the  slope? 

5.  What  is  the  force  of  friction  in  Prob¬ 
lem  4? 

6.  A  jackscrew  has  an  efficiency  of  16%. 
What  must  be  its  ideal  MA  if  a  force  of  200  lb 
is  to  be  used  to  raise  a  10-ton  load? 

7.  A  wrecking  bar  120  cm  long  is  used 
to  pry  up  a  200-kgf  rock.  If  the  fulcrum  is 
20  cm  from  the  rock,  what  input  force  must  be 
supplied?  What  is  the  MA  of  the  bar? 

8.  Where  should  the  fulcrum  of  the 
wrecking  bar  120  cm  long  be  placed  in  order 
for  an  input  force  of  25  kgf  to  pry  up  the 
200-kgf  rock? 

9.  A  wheel  and  axle  with  a  crank  20  cm 
long  has  an  axle  diameter  of  3.2  cm.  A  force  of 
330  gf  on  the  crank  will  lift  a  load  of  3.0  kgf. 
What  is  the  efficiency  of  the  machine? 

10.  A  block  and  tackle  with  an  ideal  MA 
of  8.0  and  an  efficiency  of  85%  is  used  to  pull 
a  boat  up  a  ramp  that  rises  1.0  ft  for  a  length 
of  20  ft.  The  efficiency  of  the  ramp  is  50%. 
What  is  the  actual  MA  of  the  system? 

1 1 .  By  pulling  down  24  m  of  rope  from  a 
block  and  tackle,  you  find  that  you  can  lift  a 
load  75  cm.  You  exert  a  force  of  50  kgf  and 
lift  a  load  of  1400  kgf.  Find  the  efficiency  of 
the  block  and  tackle. 

12.  By  solving  the  problem  with  algebraic 
symbols  prove  that  it  was  not  necessary  in 
Problem  1  to  know  the  mass  of  the  block. 

13.  Design  a  compound  machine  that  will 
get  a  2000-lb  boat  from  the  water  into  a  boat¬ 
house,  the  floor  of  which  is  4.0  ft  above  the 
water.  The  input  force  is  to  be  no  more  than 
40  lb  and  the  overall  efficiency  of  the  machine 
may  be  assumed  to  be  25%. 

Discussion  Questions 

1 .  What  is  the  direction  of  the  force  of  friction 
between  two  surfaces  when  one  surface  is 
moving  to  the  right  and  the  other  is  moving 
to  the  left? 


2.  Why  does  it  sometimes  help  when  you  move 
a  heavy  piece  of  furniture  to  put  a  rug 
under  it? 

3.  When  you  pull  a  sled  or  wagon,  you  usually 
exert  a  force  at  an  angle  to  the  horizontal. 
What  effect  does  this  have  on  the  frictional 
force? 

4.  If  you  were  trying  to  raise  the  corner  of  a 
building  with  a  jack  and  you  were  not  quite 
strong  enough  to  do  it,  how  could  you  in¬ 
crease  the  MA  of  the  jack? 

5.  The  pulley  arrangements  of  Fig.  7—26  some¬ 
times  seem  to  have  an  efficiency  that  is 
greater  than  100%.  That  is,  the  weight 
times  the  height  it  is  lifted  is  greater  than 
the  input  force  times  the  input  distance. 
Can  you  think  of  an  explanation? 

Work  On  Your  Own 

1 .  All  the  illustrations  showing  bricks  being 
pulled  in  order  to  investigate  the  force  of 
friction  (Fig. 7-4  through  7—7)  showed  the 
force  being  supplied  horizontally.  If  the 
force  is  supplied  at  an  angle  upward,  the 
force  pressing  the  surfaces  together  de¬ 
creases  and  therefore  the  force  of  friction 
decreases.  However  the  horizontal  com¬ 
ponent  of  the  force  in  the  cord  also  de¬ 
creases.  This  raises  a  question:  If  you  pull 
at  an  upward  angle,  must  you  pull  with  a 
greater  force  than  if  you  pull  horizontally, 
with  the  same  force,  or  with  a  smaller  force? 
Is  the  answer  the  same  for  all  angles?  In¬ 
vestigate  experimentally  and,  if  you  are 
good  at  trigonometry,  try  for  a  mathemati¬ 
cal  solution. 

2.  Build  a  compound  machine  and  calculate 
its  ideal  and  actual  mechanical  advantage. 
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Courtesy  of  Professor  Frank  Brown,  University  of  Notre  Dame  and  courtesy  of  the 
science  supplement  of  Saturday  Review. 


This  baseball  in  a  wind  tunnel  is  spinning  counterclockwise  and  is  curving  in  the  direction  of 
its  spin  (toward  the  top  of  the  tunnel).  Its  motion  is  the  result  of  forces  in  a  fluid  —  air. 


A  little  girl  in  the  third  grade  was  taking  an  intelligence  test.  She  was  marking 
a  set  of  true-false  statements.  “Iron  floats,”  said  the  statement.  “True,”  wrote 
the  little  girl.  Since  the  child  did  well  on  the  test,  the  teacher  asked  her  why 
she  had  said  that  it  is  true  that  iron  floats.  “I  saw  a  ship  in  the  river,  and  it 
was  iron,  and  it  floated,”  was  the  reply.  This  is  certainly  a  reasonable  answer, 
yet  you  know  that  a  piece  of  iron  dropped  into  a  pan  of  water  will  sink  to  the 
bottom.  How,  then,  does  a  ship  float?  And,  for  that  matter,  how  does  an  air¬ 
plane,  much  heavier  than  the  air  in  which  it  travels,  manage  to  stay  up  (Fig. 
8-1)?  Similar  though  these  questions  may  sound,  the  answers  to  them  are 
quite  different.  These  answers  are  discussed  in  this  chapter.  They  concern 
the  behavior  of  liquids  and  gases,  materials  that  flow  and  that  are  therefore 
called  fluids  (see  opposite  page). 


Liquids  Exert  Pressure 


8-1  Specific  gravity  is  an  important 
property.  If  you  throw  a  stone  into  a  pond, 
it  sinks.  Probably  if  someone  asked  you 
why  the  stone  sinks,  you  would  say,  “Be¬ 
cause  it’s  heavier.”  Just  what  do  you  mean 
by  that?  The  weight  of  the  stone  might 
be  about  a  pound.  Does  the  water  in  the 
pond,  then,  weigh  less  than  a  pound?  Ob¬ 
viously  not.  It  probably  weighs  many  tons. 
The  trouble  comes  in  comparing  the  weight 
of  a  small  stone  with  the  weight  of  a  much 
larger  volume  of  water.  For  the  compari¬ 
son  to  be  meaningful,  you  must  compare 
the  weights  of  equal  volumes  of  the  stone 
and  the  water. 

A  cubic  centimeter  is  a  convenient  vol¬ 
ume  for  comparison.  When  you  studied 


the  metric  system,  you  learned  that  a  cubic 
centimeter  of  water  has  a  mass  of  almost 
exactly  lg  (p.  32).  Therefore,  at  sea 
level  on  the  earth,  it  weighs  1  gf.  If  you 
were  to  measure  the  weight  of  a  cubic  centi¬ 
meter  of  the  stone,  you  might  find  that  it 
was  2.5  gf.  Thus  for  equal  volumes,  the 
stone  is  2.5  times  as  heavy  as  water.  It  is 
customary  to  compare  weights  of  various 
substances  with  the  weight  of  an  equal 
volume  of  water.  The  ratio  of  the  weights 
is  called  the  specific  gravity. 

specific  gravity  of  an  object  = 

weight  of  the  object 
weight  of  an  equal  volume  of  water 


Figure  8-1  Ships  and  planes  are  heavier  than  the  fluids  through  which  they  travel.  How  do 
they  stay  up? 


Since  the  volume  of  water  changes  as  the 
temperature  changes,  for  very  accurate 
work  the  weight  of  water  at  39.2°  F  is  used 
and  the  temperature  of  the  object  is  also 
stated. 

In  what  units  is  specific  gravity  expressed? 
In  the  case  of  the  stone  just  discussed, 
when  the  volume  is  1.0  cm3,  the  weight  is 
2.5  gf.  The  weight  of  an  equal  volume  of 
water  is  1.0  gf.  Therefore: 

2.5  gf 

specific  gravity  =  -  =  2.5 

1.0  gf 

Specific  gravity  is  a  number  and  is  given 
without  units.  The  specific  gravities  of 
various  materials  are  given  in  Table  8-1 
at  the  right. 


Do  It  Now 


1.  In  Table  8-1  find  a  liquid  that  will  form  a 
layer  on  top  of  water. 

2.  In  Table  8—1  find  a  wood  that  will  sink  in 
water. 

8-2  There  are  two  types  of  density. 

A  cubic  centimeter  of  water  has  a  mass  of 
1  g.  Therefore  the  mass  density  ( dm )  of 
water  is  1  gram  per  cubic  centimenter  (1 
g/cm3).  Mass  density  is  defined  as  the 
mass  per  unit  volume  of  a  substance.  In 
mathematical  form: 
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Table  8-1  SPECIFIC  GRAVITIES  OF 

CERTAIN  MATERIALS  AT  ORDINARY 

ATMOSPHERIC  TEMPERATURES 

Material 

Specific  gravity 

Liquids 

!  Water  (at  39.2°F) 

1.0000 

Water  (at  68.0°F) 

0.9982 

Sea  water 

1.025 

Gasoline 

0.66-0.69 

Mercury 

13.6 

Solids 

Granite 

2.60-2.76 

Sandstone 

2.14-2.36 

Balsa  wood 

0.1 1-0.14 

Maple  wood 

0.62-0.75 

Ebony  wood 

1.1 1-1.33 

Copper 

8.9 

Lead 

1  1.3 

mass  of  an  object 

Mass  density  =  - 

volume  of  the  object 


Unlike  specific  gravity,  density  is  stated 
in  units.  In  the  metric  system,  density  is 
usually  given  in  grams  per  cubic  centimeter. 
Notice  that  when  these  units  are  used,  the 
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mass  density  is  numerically  equal  to  the 
specific  gravity. 

If  the  mass  density  of  water  is  1  g/cm3, 
then  at  sea  level  on  the  earth  its  weight 
density  (dw)  is  1  gram  of  force  per  cu¬ 
bic  centimeter  (lgf/cm3).  Weight  density 
is  defined  as  weight  per  unit  volume  of  a 
substance: 

,  .  weight  of  an  object 

Weight  density  =  - 

volume  of  the  object 


Since  weight  varies  from  place  to  place, 
the  weight  density  also  varies,  but  the  mass 
density  does  not.  At  the  surface  of  the 
moon,  the  mass  density  of  water  would  still 
be  1  g/ cm3,  but  its  weight  density  would 
be  only  0.17  gf/cm3,  approximately  one 
sixth  as  much.  The  weight  density  of  water 
at  the  surface  of  the  earth  in  English  units 
is  62.41b/ft3. 

Given  the  density  of  water  and  of  some 
other  substance,  you  can  easily  find  the 
specific  gravity  of  the  other  substance. 
Since  density  is  the  weight  of  a  particular 
unit  of  volume,  the  volumes  are  equal. 
Therefore: 

density  of  X 

Specific  gravity  of  X  =  - - - 

density  of  water 

8-3  Pressure  is  force  per  unit  area.  A 

hunting  knife  is  light  and  easy  to  hold  when 
you  grasp  it  by  the  handle,  but  if  you  try 
to  balance  it  with  the  point  down  on  your 
hand,  you  will  find  the  experience  a  pain¬ 
ful  one.  The  force  on  your  hand  is  the  same 
in  both  cases.  It  is  equal  to  the  weight  of 
the  knife.  The  difference  is  in  the  pressure. 

Suppose  a  table  weighs  60  lb.  Then  each 
of  its  four  legs  exerts  a  force  of  15  lb  on 
the  floor  underneath.  If  the  area  of  the 
bottom  of  each  leg  is  2.0  in2,  then  the  force 
of  15  lb  is  distributed  over  an  area  of  2.0 
in2,  providing  a  force  of  7.5  lb  on  each 
square  inch. 


To  protect  the  rug  a  caster  cup  may  be 
put  under  each  leg.  If  the  area  of  contact 
is  increased  to  5  in2  by  the  caster  cup,  the 
force  per  square  inch  becomes  15  lb  divided 
by  5  in2  or  3  lb/in2. 

When  you  calculate  the  force  on  a  unit 
of  area  (lin2,  in  this  case),  you  are  calcu¬ 
lating  pressure.  Pressure  is  a  derived  unit 
and  is  defined  as  the  force  per  unit  area. 

Force 

Pressure  =  - 

Area 


You  can  use  the  equation  for  pressure 
to  find  total  force  when  the  pressure  and 
area  are  known.  For  example,  a  layer  of 
water  1  in  deep  exerts  a  pressure  of 
5.21b/ft2.  The  total  force  on  a  pavement 
with  an  area  of  60  ft2  is : 

F  =  PA 

lb  9 

-  5.2  -=  X  60  ft2  =  3.1  X  1 02  lb 
ft2 


8-4  Pressure  increases  with  depth. 

You  often  read  of  the  great  pressure  that 
must  be  withstood  by  the  hulls  of  sub¬ 
marines  or  by  the  suits  of  deep-sea  divers. 
Anyone  who  has  swum  underwater  knows 
that  the  pressure  at  a  depth  of  even  a  few 
feet  is  quite  noticeable,  especially  in  the 
ears.  In  fact,  unless  one  is  an  experienced 
swimmer,  he  will  be  distinctly  uncomfort¬ 
able  at  depths  of  more  than  10  or  15  ft. 

Careful  measurements  show  that  the  pres¬ 
sure  in  a  liquid  is  directly  proportional  to 
depth.  This  is  not  surprising,  for  the  pres¬ 
sure  at  any  point  in  a  liquid  is  due  to  the 
weight  of  the  liquid  above  that  point.  This 
suggests  a  method  for  finding  the  pressure 
at  any  depth  in  a  liquid.  For  example,  sup¬ 
pose  you  want  to  know  the  pressure  in 
pounds  per  square  foot  at  a  depth  of  20.0  ft 
in  a  lake.  This  is  the  same  as  the  weight  of 
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Figure  8-2  The  pressure 
per  square  foot  at  a 
depth  of  20.0  ft  in  water 
is  equal  to  the  weight  of 
a  column  of  water  20.0  ft 
high  and  having  a  cross- 
sectional  area  of  1.0ft2. 
Here  you  might  think  of 
the  column  as  being  made 
of  20  cubes  of  water 
stacked  up.  Each  of  them 
weighs  62.4  lb,  making 
the  total  weight  62.4  X 
20.0,  or  1  248  lb. 


a  column  of  water  20.0  ft  high  standing  on 
1  ft2  of  lake  bottom  ( Fig.  8-2). 

The  column  of  water  is  at  the  surface  of 
the  earth.  Therefore  each  cubic  foot  of 
water  weighs  62.4  lb,  and  20  of  them 
stacked  up  will  weigh  20  times  62.4,  or 
1.25  X  103  lb.  Therefore  the  pressure  is 
1.25  X  103  lb/ft2.  In  general: 


„  1 .25  X  1 03  lb 

P  =  - 72 -  X 

ft2 


1  ft2 


1  44  in2 


=  8.68  lb/in5 


Notice  that  the  formula  for  pressure  ig¬ 
nores  air  pressure.  That  is,  it  assumes  that 
the  pressure  at  the  surface  of  the  water 
(where  h  =  0)  is  zero.  Actually,  of  course, 
the  pressure  at  the  surface  is  equal  to  at¬ 
mospheric  pressure,  which  varies  with  the 
weather,  but  which  is  approximately  14.7 
lb/in2  at  sea  level.  Therefore  the  total  pres¬ 
sure  at  the  bottom  of  20.0  ft  of  water  is  8.7 
lb/in2  plus  14.7  lb/in2,  or  23.41b/in2.  The 
total  pressure,  combining  the  atmospheric 
pressure  and  the  pressure  of  the  fluid  being 
measured,  is  called  the  absolute  pressure. 
The  gauge  pressure,  measured  by  a  gauge 
(on  the  tires  of  a  car,  for  example),  is  the 
difference  between  the  pressure  of  the  at¬ 
mosphere  and  the  pressure  of  the  fluid  be¬ 
ing  measured.  In  most  situations  the  gauge 
pressure  is  the  useful  measurement.  An 
engineer  designing  a  water  supply  system 
would  want  to  know  how  much  greater 
than  the  pressure  of  the  atmosphere  is  the 
pressure  of  the  water,  for  this  is  the  pres¬ 
sure  that  determines  how  fast  the  water 
will  flow  from  the  faucets.  A  submarine 
has  approximately  normal  air  pressure  in¬ 
side  it  so  the  total  force  which  must  be 
resisted  by  its  sides  is  due  to  the  gauge 
pressure  of  the  water.  Study  Examples  1 
and  2  on  the  next  page. 


Pressure  (in  a  liquid)  =  hdw 

where  h  is  the  height  of  the  liquid  and  dw 
is  its  weight  density.  In  the  case  of  the  lake, 
the  pressure  20  ft  down  is 

P  —  h  X  dw 

=  20.0  ft  X  62.4  -^  =  1.25  X  103  lb/ft2 
ft3 

If  you  want  the  pressure  in  pounds  per 
square  inch,  you  can  convert  it  thus: 


8-5  Pressure  is  important  in  water 
storage  and  supply.  Any  device  intended 
for  use  underwater  must  be  designed  to 
withstand  water  pressure.  The  greater  the 
depth  of  water  involved,  the  greater  is  the 
pressure.  A  good  example  of  this  is  the 
case  of  dams;  they  are  made  very  thick  at 
the  bottom  where  the  pressure  is  the  great¬ 
est,  and  thinner  toward  the  top. 

When  a  water  faucet  is  opened,  the  water 
does  not  simply  fall  out.  It  is  forced  out  by 
the  pressure  inside  the  system.  One  way  to 
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EXAMPLE  1 


EXAMPLE  2 


A  rectangular  tank  30.0  ft  wide  and  40.0  ft  long  is 
filled  with  water  to  a  depth  of  10.0  ft.  Find  the 
pressure  at  the  bottom  of  the  tank  in  lb/in2  and  the 
total  force  on  the  bottom  in  lb. 


Given:  Width  =  30.0  ft;  length  =  40.0  ft; 

h  =  1 0.0  ft 

To  find:  P,  F 

Solution:  P  =  hdw 

=  10.0  ft  x  62.4 

ft3 

=  624  lb/ft2 

624  lb  1  ft2 

=  - 5—  X  - r 

ft2  1  44  in2 

lb 

=  4.33  — -  ,  Answer 
in2 

F  =  PA 

lb 

=  624  —  X  30.0  ft  X  40.0  ft 
ft2 

=  7.49  X  105  lb,  Answer 


The  total  force  on  the  bottom  is  also  equal  to  the 
weight  of  all  of  the  water.  Therefore  the  problem 
can  be  checked  as  follows: 

weight  of  water 

dw  =  — ; - - 

volume  of  water 

lb  weight  of  water 

62.4  —  =  - - - 

ft3  30.0  ft  X  40.0  ft  X  10.0  ft 

lb 

weight  of  water  =  62.4  —  X  30.0  ft 

ft3 

X  40.0  ft  X  1  0.0  ft 
=  7.49  X  1  03  lb  Check 


provide  this  pressure  is  to  store  water  in 
reservoirs  on  hills  or  mountains.  Pipes  carry 
the  water  to  cities  at  a  lower  elevation,  and 
the  pressure  is  due  to  the  difference  in 
height.  When  a  mountain  reservoir  is  not 
possible,  water  may  be  pumped  into  a 
storage  tank.  The  pressure  in  the  water 


Find  the  pressure  at  the  bottom  of  a  tank  of  gasoline 
12  m  deep.  The  specific  gravity  of  gasoline  is  0.68. 

Given:  h  =  12  m  =  1.2  X  103  cm 

specific  gravity  of  gasoline  =  0.68 

To  find:  P 

pi,.  r  ._  .  density  of  substance 

bolution:  specific  gravity  =  - 

density  of  water 

In  this  definition,  the  densities  can  be 
either  mass  densities  or  weight  densities 
as  long  as  both  are  the  same  kind. 
Therefore: 


1.0  gf/cm3 
dw  =  0.68  gf/cm3 

P  =  hdw 

=  1.2  X  103  cm  X  0.68  gf/cm3 
=  8.2  X  102  gf/cm2 


system  is  due  to  the  height  of  the  water  in 
the  tank  above  the  point  where  it  is  being 
used.  Tall  buildings  and  factories  fre¬ 
quently  use  one  or  more  of  these  gravity- 
feed  tanks  in  their  water  supply  systems. 

Whether  the  pressure  is  due  to  the  eleva¬ 
tion  of  a  reservoir  or  to  the  height  of  water 
in  a  storage  tank,  the  pressure  at  the  faucet 
is  somewhat  less  than  that  indicated  by  the 
formula  P  —  hdw  because  of  internal  fric¬ 
tion  of  the  water  flowing  through  the  pipes. 

Another  way  to  provide  pressure  in  a 
water  system  for  homes  is  to  use  a  pres¬ 
sure  tank.  Here  water  is  pumped  into  a 
sealed  storage  tank.  As  the  water  is  pumped 
in,  the  air  trapped  in  the  tank  is  com¬ 
pressed  and  provides  pressure  for  the  water 
system.  This  is  due  to  the  fact  that  gases 
are  more  easily  compressed  than  liquids. 
An  automatic  control  turns  the  pump  motor 
on  when  the  pressure  in  the  tank  falls  to 
a  certain  value,  and  turns  it  off  again  when 
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Figure  8-3  This  diagram  shows  (1)  that  liquid 
pressure  is  exerted  sideways,  among  other 
directions,  and  (2)  that  the  magnitude  of  the 
liquid  pressure  increases  with  depth. 

the  proper  operating  pressure  has  been  re¬ 
stored.  Pressure-tank  systems  are  com¬ 
monly  used  in  very  small  installations,  such 
as  a  remote  farm  or  other  private  dwellings 
away  from  a  public  water  supply. 

8-6  Liquid  pressure  exerts  equal  force 
in  all  directions.  If  you  punch  holes  in  the 
side  of  a  tin  can  and  then  fill  it  with  water, 
you  find  that  the  water  squirts  horizontally 
out  of  the  holes  (Fig.  8-3).  This  shows 
that  the  force  due  to  pressure  in  a  liquid 
is  exerted  h6rizontally  as  well  as  down. 
The  fact  that  the  water  coming  from  the 
lowest  hole  is  more  nearly  horizontal  than 
the  others  shows  that  the  pressure  there  is 
the  greatest. 

If  you  punch  a  hole  in  the  bottom  of  a 
tin  can  and  then  push  the  can  bottom 
down  into  a  pail  of  water,  water  spurts  up 
through  the  hole,  showing  that  the  force 
due  to  pressure  in  the  water  is  also  exerted 
upward. 

The  simple  apparatus  illustrated  in  Fig. 
8-4  can  be  used  to  show  that  the  force 
due  to  pressure  at  a  single  point  in  a  liquid 
is  the  same  in  all  directions. 


How  can  you  calculate  the  force  on  the 
side  of  a  container  of  a  liquid?  This  is  easy 
to  do  if  the  side  is  the  same  width  all  the 
way  down,  as  in  a  rectangular  tank.  Since 
the  pressure  increases  steadily  with  depth, 
the  average  pressure  is  the  pressure  half¬ 
way  down.  Consider  the  tank  of  Example 
1  (p.  193).  It  is  30.0  ft  wide,  40.0  ft  long, 
and  10.0  ft  deep.  To  find  the  force  on  the 
long  side,  first  find  the  pressure  half-way 
(5.0  ft)  down: 

P  =  hdw 

lb 

=  5.0  ft  X  62.4  -x  =  3.1  X  102  lb/ft2 
fr 

The  area  of  the  long  side  is  10.0  ft  X  40.0  ft, 
or  400  ft2.  Therefore: 

F  =  PA 

=  3.1  X  1 02  %  X  400  ft2  =  1.2X105  lb 
ft2 

Figure  8-4  This  apparatus  has  a  rubber  dia¬ 
phragm  over  the  mouth  of  a  thistle  tube  con¬ 
nected  to  a  vertical  glass  tube.  Water  pres¬ 
sure  on  the  diaphragm  causes  colored  water 
in  the  apparatus  to  rise.  Lowering  the  thistle 
tube  shows  that  pressure  increases  with  depth. 
Changing  the  direction  of  the  thistle  tube 
shows  that  the  force  due  to  pressure  is  the 
same  in  all  directions  at  the  same  depth. 
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Figure  8-5  The  barrel 
bursts,  not  because  of  the 
weight  of  the  80  gallons 
of  water  in  it,  but  be¬ 
cause  of  the  pressure  due 
to  the  water  in  the  pipe 
above  it. 


8-7  Pressure  is  transmitted  throughout 
a  liquid.  Look  at  the  80-gallon  barrel  of 
Fig.  8-5.  It  is  more  than  strong  enough  to 
be  filled  to  the  brim  with  water  without 
bursting.  Then  a  tight  lid  is  put  on  and  a 
long  pipe  inserted  in  it.  When  the  pipe  is 
filled  with  one  gallon  of  water,  the  added 
pressure  bursts  the  barrel.  In  order  to  un¬ 
derstand  this,  think  about  the  pressure  on 
the-  bottom  of  the  barrel  at  a  point  right 
below  the  hole  where  the  pipe  is  placed. 
First  calculate  the  pressure  when  there  is 
no  water  in  the  pipe: 

P  —  hd\y 

=  4.0  ft  X  62.4  =  2.5  X  102  lb/ft2 

fr 

=  1.7  lb/in2 


Now  calculate  the  pressure  when  the  pipe 
is  full  of  water.  The  water  over  the  spot 
in  the  bottom  of  the  barrel  is  now  50.0  ft 
deep.  Therefore: 

P  —  hdw 

lb 

=  50.0  ft  X  62.4  ^  =  3.12  X  103  lb/ft2 

=  21.6  lb/in2 

The  amazing  conclusion  is  that  adding  one 
more  gallon  to  the  80  already  present  has 
made  the  pressure  more  than  10  times  as 
great. 

So  far,  however,  this  is  merely  the  pres¬ 
sure  on  a  small  spot  at  the  bottom  of  the 
barrel.  What  about  the  sideways  pressure? 
You  know  from  the  experiment  of  Fig. 
8-4  that  the  force  due  to  pressure  is  the 
same  in  all  directions  at  a  single  point  in  a 
liquid.  Therefore  there  is  a  force  of  21.6  lb 
directed  sideways  on  each  square  inch  of 
water  to  the  right  and  left  of  the  central 
spot.  Think  of  the  water  at  the  bottom  of 
the  barrel  as  a  collection  of  1-in  cubes,  as 
shown  in  Fig.  8-6.  The  central  cube  is 
the  one  directly  under  the  pipe.  The  force 
exerted  on  it  is  21.6  lb,  and,  in  its  turn,  it 
exerts  a  force  of  21.6  lb  to  the  right  and 
left.  As  a  result,  the  next  cubes  push  the 
ones  beyond  them  with  a  force  of  21.6  lb. 
This  continues  out  to  the  edge  of  the  barrel. 
The  barrel  was  built  to  stand  a  pressure  of 
3  or  4  lb/in2,  but  not  one  as  much  as  21.6 
lb/in2.  It  bulges  at  the  seams  and  out  comes 
the  water. 

The  situation  in  the  barrel  is  an  illustra- 


Figure  8-6  The  water  at  the  bottom  of  the  barrel  of  Fig.  8-5  may  be  thought  of  as 
consisting  of  a  large  number  of  1-in  cubes.  The  pressure  at  the  bottom  is  21.6  lb/in2.  This 
produces  a  force  of  21.6  lb  on  each  square  inch  in  all  directions  and  the  force  is  transmitted 
from  cube  to  cube  out  to  the  edge  of  the  barrel. 
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tion  of  Pascal’s  principle,  named  for  the 
French  scientist  who  first  stated  it.  Pascal's 
principle  says  that  if  pressure  is  exerted  on 
a  confined  liquid,  the  pressure  is  transmit¬ 
ted  in  all  directions  without  loss.  This  does 
not  mean  that  the  pressure  is  the  same 
everywhere  in  the  liquid.  What  it  does 
mean  is  that  any  pressure  added  from  out¬ 
side  is  added  everywhere.  In  the  case  of 
the  barrel  the  pressure  on  the  bottom  with¬ 
out  water  in  the  pipe  was  1.7  lb/in2.  With 
the  extra  water  it  is  21.6  lb/in2.  The  added 
pressure  is  21.6  lb/in2  —  1.7  lb/in2,  or  19.9 
lb/in2.  The  pressure  at  the  bottom  of  the 
barrel  is  always  greater  than  that  at  the 
top,  but  when  water  is  poured  into  the  pipe, 
the  extra  19.91b/in2  pressure  is  added  both 
at  the  top  of  the  barrel  and  at  the  bottom. 

The  fact  that  adding  a  small  amount  of 
water,  1  gallon  in  this  case,  to  the  water  in 
the  barrel  can  raise  its  pressure  by  a  very 
large  amount  when  the  water  is  in  a  small 
pipe  is  so  strange  that  it  is  often  referred  to 
as  the  “hydrostatic  paradox.” 

One  of  the  puzzling  aspects  of  the  hydro¬ 
static  paradox  is  that  the  total  force  on  the 
bottom  of  the  barrel  is  as  great  as  it  would 
be  if  the  barrel  were  50  ft  tall  and  filled 
with  water.  What  is  the  source  of  all  this 
extra  force?  The  weight  of  one  added  gal¬ 
lon  of  water  in  the  pipe  is  not  enough  to 
account  for  it.  Here  you  need  Pascal’s 
principle  plus  Newton’s  third  law  to  help 
you  understand  what  is  happening.  Ac¬ 
cording  to  the  principle,  the  pressure  due  to 
the  water  in  the  pipe  is  transmitted  equally 
in  all  directions,  including  upward.  There¬ 
fore  the  water  exerts  a  large  upward  force 
on  the  top  of  the  barrel.  Now,  unless  the 
top  of  the  barrel  breaks,  the  top  exerts  an 
equal  and  opposite  downward  force  on  the 
water,  and  this  force  is  transmitted  through 
the  water  to  the  bottom  of  the  barrel.  The 
water  in  the  tall  pipe  is  the  cause  of  the 
increase  in  pressure,  but  the  third-law  reac¬ 
tion  force  of  the  wood  of  the  barrel  top  is 
the  cause  of  the  large  force  on  the  bottom. 


Do  It  Now 


If  you  were  to  put  the  barrel  and  pipe  of 
Fig.  8-5  on  the  scales  when  it  was  empty  and 
when  it  was  full  to  the  50-ft  mark,  would  the 
added  weight  on  the  scale  be  equal  to  the 
added  force  on  the  bottom  of  the  barrel? 

8-8  The  hydraulic  press  employs  Pas¬ 
cal’s  principle.  The  liquid  in  Fig.  8-7  is 
under  pressure  due  to  the  force  exerted  on 
the  piston.  According  to  Pascal’s  principle, 
this  pressure  is  transmitted  without  loss  in 
all  directions.  Now  even  in  a  closed  system 
such  as  this,  there  are  differences  in  pres¬ 
sure  due  to  differences  in  depth  at  different 
parts  of  the  system.  However,  if  these  dif¬ 
ferences  are  slight  compared  with  the  pres¬ 
sure  caused  by  the  force  on  the  piston,  they 
may  be  ignored.  Therefore,  in  a  closed  body 
of  liquid  under  high  internal  pressure,  the 
pressure  at  all  points  is  essentially  the  same. 
The  automobile  lift  in  a  garage  operates 
on  this  principle. 

Such  a  system  is  called  a  hydraulic  press 
To  see  how  it  works,  consider  a  press  in 

Figure  8-7  If  a  liquid  is  completely  enclosed 
and  if  it  is  subjected  to  an  outside  force,  the 
pressure  is  increased  equally  in  all  parts  of 
the  liquid. 
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which  the  smaller  piston  has  a  cross-sec¬ 
tional  area  of  1.0  in2  and  the  larger  one  an 
area  of  100  in2.  What  happens  if  a  force 
of  80  lb  is  applied  to  the  smaller  piston? 
First  calculate  the  pressure  at  the  small 
piston: 


P  = 


F_ 

A 


80  lb 
1 .0  in2 


80  lb/in2 


This  pressure  is  large  compared  with  the 
pressure  due  to  depth  in  the  system  and  it 
is  transmitted  without  loss  in  all  directions. 
Therefore  the  pressure  on  the  large  piston 
is  also  80  lb/in2.  The  total  force  on  the 
large  piston  is  given  by: 

F  =  PA 

=  80  —  X  100  in2  =  8.0  X  1  03  lb 
in2 

Thus  you  see  that  when  a  force  of  only  80 
lb  is  applied  to  the  small  piston,  there  is  a 
force  of  8,000  lb  on  the  large  piston.  This  is 
the  type  of  result  you  obtained  earlier  with 
the  simple  machines  of  Chapter  7.  The  hy¬ 
draulic  press  is  another  kind  of  simple 
machine.  Its  mechanical  advantage  is  cal¬ 
culated  in  the  usual  way: 


F 

MA  =  o 

F 


=  8.0  X  1 03  lb  =  102 
801b 


Self  Check 


1 .  What  is  meant  by  pressure? 

2.  Give  an  illustration  to  show  that  the  same 
object  can  exert  different  amounts  of  pres¬ 
sure  due  to  its  weight  alone. 


3.  Compare  the  pressure  due  to  water  at  a 
depth  of  10  yd  with  the  pressure  at  20  and 
at  30  yd. 

4.  The  mass  density  of  a  certain  rock  is 
4  g/cm3  at  the  surface  of  the  earth.  Com¬ 
pare  its  mass  density  and  its  weight  den¬ 
sity  at  the  surface  of  the  moon. 

5.  The  pressure  due  to  the  water  at  a  certain 
depth  in  the  ocean  is  100  lb/in2.  Give  the 
approximate  value  of  the  absolute  pressure 
and  tell  why  it  is  different. 

6.  The  gauge  pressure  at  point  A  in  a  tank  of 
oil  is  100  lb/in2.  The  gauge  pressure  at 
point  B  is  120  lb/in2.  Air  above  the  tank 
is  now  compressed  so  that  it  has  a  gauge 
pressure  of  30  lb/in2.  What  is  now  the 
gauge  pressure  at  points  A  and  B? 

7.  How  can  the  average  pressure  on  a  vertical 
side  of  a  tank  be  calculated? 

8.  What  is  Pascal’s  principle? 

9.  If  the  bottom  of  the  piston  shown  in  figure 
5-7  has  an  area  of  1.0  in2,  what  would  the 
pressure  be  at  a  point  on  the  walls  of  the 
container  when  10  lb.  of  force  are  applied  to 
the  piston? 


Problems 


1 .  A  block  of  wood  measures  20  cm  by 
30  cm  by  10  cm  and  weighs  4200  gf.  Find  its 
weight  density. 

2.  A  skin-diver  goes  100  ft  below  the 
surface  of  a  fresh- water  pond.  What  is  the 
pressure  at  this  depth  in  lb/ ft2  and  lb/in2? 

3.  What  is  the  total  force  on  one  arm  of 
the  skin-diver  in  Problem  2  if  the  area  is 
240  in2? 

4.  What  is  the  pressure  in  gf/cm2  and 
dynes/ cm2  at  the  bottom  of  a  column  of  mer¬ 
cury  76  cm  high?  The  density  of  mercury  is 
13.6  gf/cm:t. 

5.  A  cylindrical  water  tank  with  a  diam¬ 
eter  of  10.0  ft  is  filled  to  a  depth  of  15.0  ft. 
What  is  the  pressure  on  the  bottom  in  lb/in2? 
What  is  the  total  force  on  the  bottom?  What  is 
the  total  force  on  the  sides? 
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6.  A  fish  that  normally  lives  a  mile  down 
in  the  ocean  has  a  body  area  of  1.00  ft2.  If 
such  a  fish  is  brought  to  the  surface  it  is  likely 
to  rupture  because  the  pressure  inside  its  body 
is  equal  to  the  pressure  to  which  it  was  sub¬ 
jected  by  the  water  in  which' it  lived.  Find  the 
total  force  tending  to  cause  it  to  rupture. 
Density  of  sea  water  is  64.0  lb/ ft3. 

7.  When  the  pipe  of  Fig.  8-5  is  full  of 
water,  what  is  the  upward  pressure  on  the  top 
of  the  barrel? 

8.  A  pressure  that  can  support  a  column 
of  water  60  cm  high  can  also  support  a  column 
of  salt  solution  50  cm  high.  What  is  the  den¬ 
sity  of  the  salt  solution? 

9.  The  pistons  of  a  hydraulic  press  have 
areas  of  5.0  cm2  and  200  cm2.  If  a  force  of 
100  N  is  supplied  to  the  smaller  cylinder:  (a) 
What  is  the  pressure  on  the  small  cylinder? 

(b)  What  is  the  pressure  on  the  large  cylinder? 

(c)  What  is  the  load  that  can  be  lifted  by  the 
large  cylinder? 

1 0.  A  hydraulic  press  raises  a  load  of  5,000 
lb.  when  a  force  of  100  lb.  is  applied  to  the 
small  piston.  If  the  small  piston  has  an  area  of 
4.0  in2,  what  is  the  area  of  the  large  piston?  If 
the  small  piston  moves  1.00  feet,  how  far  would 
the  large  piston  move?  (Assume  that  friction  is 
negligible) . 


1 1 .  The  diameters  of  the  cylinders  of  a 
hydraulic  press  are  20  mm  and  10  cm.  If  10.0  gf 
are  applied  to  the  small  cylinder,  what  force  is 
exerted  on  the  large  cylinder?  If  the  smaller 
cylinder  is  pushed  down  40  cm,  how  high  will 
the  larger  cylinder  rise?  (Assume  that  friction 
is  negligible) . 

12.  What  must  the  air  pressure  be  in  a 
pressure  tank  if  the  water  in  the  tank  is 
4.0  ft  deep  and  the  tank  is  to  supply  water  to 
a  faucet  100  ft  above  the  bottom  of  the  tank? 
Assume  a  pressure  loss  due  to  friction  in  pipes 
of  3.0  lb/in2. 


Discussion  Questions 


1.  A  small  child  often  finds  it  less  painful  than 
an  adult  to  walk  barefoot.  Aside  from  the 
fact  that  he  may  have  toughened  his  skin  by 
spending  a  lot  of  time  without  shoes,  is  there 
any  reason  why  the  child  should  not  feel  as 
much  pain? 

2.  Which  will  exert  a  greater  pressure  on  ice, 
dull  skates  or  sharp  ones? 

3.  In  Fig.  8-3  you  see  water  squirting  from 
holes  in  a  can.  Where  does  the  water  get 
the  energy  to  shoot  out  horizontally? 


Buoyancy 


8-9  A  submerged  object  experiences 
an  upward  force.  Anyone  who  has  worked 
or  played  around  water  knows  that  objects 
seem  to  weigh  less  in  water  than  they  do 
in  air.  A  boy  who  is  removing  a  rock  from 
a  swimming  hole  may  be  able  to  raise  the 
rock  from  the  bottom  of  the  pool  to  the  sur¬ 
face  of  the  water  without  trouble.  However, 
as  he  tries  to  take  it  from  the  water,  he  finds 


that  it  is  almost  too  heavy  to  carry.  From 
this  and  similar  experiences  you  learn  that 
when  objects  are  immersed  in  water  or 
other  liquids,  they  undergo  an  apparent  loss 
of  weight;  this  apparent  loss  is  called 
buoyancy,  or  buoyant  force. 

The  magnitude  of  the  buoyant  force  can 
be  measured  in  a  simple  experiment,  as 
shown  in  Fig.  8-8.  From  this  experiment 
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An  object  is  weighed 
in  air.  It  weighs  1  00  gf. 


A  can  is  filled  to  the 
brim  with  water  and  a 
small  can  is  weighed 
and  placed  ready  to 
catch  the  water  that 
overflows. 


The  object  is  now  weighed  when  it  is 
under  water.  It  weighs  80  gf.  The 
overflow  can  catches  the  water  dis¬ 
placed  by  the  object.  The  overflow 
can  is  weighed  again  and  found  to  be 
20  gf  heavier  than  when  empty.  This 
is  the  weight  of  the  water  displaced 
by  the  object.  It  is  also  equal  to  the 
loss  of  weight  of  the  object  when  it  is 
immersed  in  water. 

Figure  8-8  Experimental  proof  of  Archimedes' 

principle. 


you  see  that  the  loss  of  weight  of  an  object 
immersed  in  water  is  equal  to  the  weight 
of  the  water  it  displaces;  this  is  called 
Archimedes’  principle,  named  for  the  Greek 
scientist  who  first  stated  it  clearly.  Accord¬ 
ing  to  this  principle,  an  object  immersed  in 
a  fluid  is  buoyed  up  by  a  force  equal  to  the 
weight  of  the  fluid  displaced.  (Note  that 
the  word  “fluid”  is  used  here,  since  the 
principle  applies  to  gases  as  well  as  liquids.) 
Study  Examples  3  and  4  on  the  right. 


EXAMPLE  3 

A  stone  weighs  250  gf  in  air  and  150  gf  in  water. 
What  is  its  weight  density? 

Given:  Weight  of  stone  in  air  =  250  gf 

Weight  of  stone  in  water  =  150  gf 

To  find:  dw  of  stone 

Solution:  Loss  of  weight  of  stone 

=  250  gf  -  150  gf 
=  100  gf 

Therefore  weight  of  displaced  water  =  1  00  gf 

Volume  of  displaced  water  =  100  cm3, 
since  1  cm3  of  water  weighs  1  gf 
Volume  of  stone  =  100  cm3,  since  the 
stone  did  the  displacing 

Weight  of  stone  250  gf 

Volume  of  stone  1  00  cm3 

=  2.50  gf/cm3,  Answer 


EXAMPLE  4 

A  piece  of  metal  weighs  20.0  lb  in  air  and  1  8.0  lb 
in  water.  What  is  its  specific  gravity? 

Given:  Weight  of  metal  in  air  =  20.0  lb 

Weight  of  metal  in  water  =  18.0  lb 

To  find:  Specific  gravity  of  the  metal 

Solution:  Loss  of  weight  of  metal 

=  20.0  lb  -  18.0  lb 
=  2.0  1b 

This  is  the  weight  of  the  displaced  water  and  is 
therefore  the  weight  of  an  amount  of  water  with  the 
same  volume  as  the  metal. 

Specific  gravity 

weight  of  an  object 
weight  of  an  equal  volume  of  water 
20.0  lb 
2.0  lb 

-  1  0,  Answer 
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top  surface  of  liquid 


Figure  8—9  This  diagram  can  be  used  to  de¬ 
rive  Archimedes'  principle. 

8-10  Archimedes’  principle  can  be  de¬ 
rived  from  the  laws  of  liquid  pressure. 

Consider  the  submerged  block  in  Fig.  5-9. 
It  has  six  surfaces.  The  forces  on  these 
surfaces  are  not  all  the  same  because  of 
differences  in  depth  and  area.  However, 
the  force  ( B )  on  the  small  end  at  the  right 
must  be  equal  to  the  force  (G)  on  the 
small  end  at  the  left,  but  opposite  in  direc¬ 
tion.  Therefore  the  resultant  of  G  and  B 
is  zero.  Similarly  the  resultant  of  C  and  D 
is  also  zero. 

This  leaves  forces  E  and  F  to  be  con¬ 
sidered.  Their  magnitudes  can  be  calcu¬ 
lated  from  their  depth  and  area.  Let  A  be 
the  area  of  the  top  and  bottom  surfaces  of 
the  block,  and  dw  the  weight  density  of  the 
liquid.  Then: 

Pressure  on  top  surface  =  hdw 
Force  (E)  on  top  surface  =  hdyyA 
Pressure  on  bottom  surface  =  (h  +  y)d\y 
Force  (F)  on  bottom  surface  =  ( h  +  y)dwA 

=  hdw  A  -f-  ydwA 

Now  calculate  the  buoyant  force,  F  —  E: 

F  —  E  —  hdw  A  d-  ydwA  —  hdwA 
=  ydwA 

But  y  times  A  is  the  volume  of  the  block, 
and  also  the  volume  of  the  displaced  liquid. 
Let  V  be  the  volume  of  the  displaced  liquid. 


Then: 

F  -  E  =  dwV 
The  definition  of  dw  is: 

weight  of  an  object 

dw  =  ~ 

volume  of  an  object 
For  the  displaced  liquid,  therefore, 
weight  of  displaced  liquid 


This  can  be  substituted  in  the  F  —  E  equa¬ 
tion: 

weight  of  displaced  liquid 

F  -  E  =  - - - - - - —  X  V 

=  weight  of  displaced  liquid 

F  —  E  is  the  buoyant  force  on  the  block. 
Therefore  the  buoyant  force  on  the  block 
is  equal  to  the  weight  of  the  displaced 
liquid.  Although  this  proof  was  done  for  a 
regularly  shaped  block,  it  is  equally  good 
for  an  irregular  one  since  you  can  think  of 
the  irregular  one  as  being  made  of  a  large 
number  of  very  small  rectangular  blocks. 

8-1 1  Flotation  is  a  special  case  of 
buoyancy.  Archimedes’  principle  states 
that  an  object  submerged  in  a  liquid  is 
buoyed  up  by  a  force  equal  to  the  weight 
of  the  liquid  displaced.  A  floating  object 
is  partly  submerged.  Since  it  remains  at 
the  top  of  the  water,  it  is  in  equilibrium. 
The  downward  force  of  its  weight  there¬ 
fore  must  be  equal  to  the  upward  buoyant 
force.  If  you  put  a  piece  of  wood  on 
water,  it  sinks  until  it  has  displaced  its  own 
weight  in  the  water  and  then  it  stops  sink¬ 
ing.  If  its  weight  density  is  half  that  of 
water  ( specific  gravity  =  0.5 ) ,  then  it  sinks 
until  one  half  of  its  volume  is  under  water. 
If  its  weight  density  is  three  quarters  that 
of  water  ( specific  gravity  =  0.75 ) ,  then  it 
sinks  until  three  quarters  of  its  volume  is 
under  water. 

It  is  customary  to  refer  to  the  size  of  a 
ship  as  its  displacement.  The  carrier  For- 


restal,  for  example,  has  a  displacement  of 
almost  60,000  tons.  This  means  that  the 
ship  displaces  60,000  tons  of  sea  water. 
Therefore  it  weighs  60,000  tons,  since  it  is 
a  floating  body.  Yet  this  ship  is  largely 
made  of  materials  that  have  a  specific 
gravity  greater  than  1.  How  can  it  float? 
The  answer  lies  in  its  design.  The  steel  of 
the  ship  encloses  large  quantities  of  air,  not 
only  in  air-tight  compartments,  but  mostly 
in  rooms  and  corridors.  Therefore  if  you 
were  to  calculate  the  average  specific  grav¬ 
ity  of  the  entire  volume  of  the  ship,  in¬ 
cluding  the  air,  you  would  find  that  it  is 
less  than  that  of  water. 

Most  human  beings  have  a  specific  grav¬ 
ity  slightly  less  than  1  with  their  lungs  filled 
with  air.  For  this  reason  they  float  in  water 
with  most  of  the  body  submerged.  Lean, 
muscular  people  with  heavy  bone  structure 
may  find  that  they  cannot  float  in  fresh 
water,  no  matter  how  hard  they  try.  Evi¬ 
dently  their  specific  gravity  is  slightly 
greater  than  1.  But  ocean  water  has  a 
specific  gravity  of  1.025.  Therefore  even  a 
person  who  normally  sinks  in  fresh  water 
usually  floats  in  salt  water.  The  very  salty 
water  of  the  Great  Salt  Lake  in  Utah, 
U.S.A.,  has  a  specific  gravity  of  approx¬ 
imately  1.2.  For  this  reason  people  are 
able  to  float  in  a  most  surprising  manner 
there  ( Fig.  8-10). 

Figure  8-10  These  girls  are  floating  in  the 
Great  Salt  Lake  in  Utah.  Since  the  water  in 
this  lake  contains  a  much  higher  percentage 
of  salt  than  the  water  in  the  ocean,  a  person 
cannot  sink  in  it. 


Figure  8-1 1  Notice  in  an  enlarged  section  of 
a  hydrometer  that  the  numbers  indicating 
high  specific  gravity  are  at  the  bottom.  This 
is  because  the  hydrometer  floats  higher  in  a 
more  dense  liquid  than  in  a  less  dense  one. 

8-12  Buoyancy  has  many  practical  ap¬ 
plications.  You  have  seen  that  objects  that 
float  in  fresh  water  float  more  readily  in  salt 
water.  On  the  other  hand,  they  float  less 
readily,  or  perhaps  not  at  all,  in  liquids 
(such  as  alcohol  or  gasoline)  which  are  less 
dense  than  water.  This  behavior  of  floating 
objects  is  utilized  in  the  hydrometer,  illus¬ 
trated  in  Fig.  8-11.  This  instrument  con¬ 
sists  of  a  glass  tube  or  bottle  weighted  at 
one  end  so  that  it  floats  in  an  upright  posi¬ 
tion.  The  upper  portion  of  the  tube  or  the 
neck  of  the  bottle  is  marked  off  with  gradu¬ 
ations  indicating  the  specific  gravity  of  the 
liquid  in  which  the  hydrometer  bulb  is 
floating. 

A  submarine  is  designed  in  such  a  way 
that  its  specific  gravity  is  slightly  less  than 
1  when  certain  of  its  tanks  are  filled  with 
air.  However  if  the  air  is  blown  out  of  these 
tanks  and  sea  water  is  let  in  to  take  its 
place,  the  specific  gravity  of  the  craft 
increases.  As  a  result,  the  submarine  sinks. 
To  raise  the  submarine,  compressed  air  is 
used  to  force  the  water  out  of  these  tanks. 
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Figure  8-12  The  bathyscaphe  Trieste  has 

been  used  to  explore  the  depths  of  the  ocean. 

The  bathyscaphe  shown  in  Fig.  8-12  is 
used  to  explore  the  ocean  depths.  The  ob¬ 
servers  sit  in  the  small  sphere  below  the 
large  tank  which  is  filled  with  gasoline. 
Gasoline  has  a  specific  gravity  of  about 
0.68.  Therefore  there  is  an  upward  buoyant 
force  on  the  tank  which  acts  as  a  float. 
About  10  tons  of  small  iron  pellets  are  used 
as  ballast  in  the  float.  When  the  craft  is 
ready  to  submerge,  water  is  pumped  into 
special  tanks  to  make  it  heavier.  As  the 
bathyscaphe  sinks,  the  increasing  pressure 
forces  ocean  water  into  the  float  tank 
through  holes  in  the  bottom,  compressing 
the  gasoline  (which  is  more  compressible 
than  water)  and  keeping  the  pressure  in¬ 
side  the  float  equal  to  the  pressure  outside. 
Therefore  the  float  does  not  have  to  be 
made  as  strong  as  the  observation  sphere, 
which  must  withstand  the  great  pressure 
of  ocean  water  more  than  7  mi  deep.  A 
small  electric  motor  allows  the  operators 
to  move  the  bathyscaphe  along  the  floor  of 
the  ocean.  When  they  wish  to  rise,  they 
gradually  release  the  iron  pellets. 


Self  Check 


1 .  An  object  weighs  20  lb  in  air  and  15  lb  in 
water.  What  is  the  magnitude  of  the 
buoyant  force? 

2.  In  what  direction  is  the  buoyant  force? 

3.  State  the  principle  you  used  in  answering 
Questions  1  and  2. 

4.  Name  the  man  for  whom  this  principle  is 
named. 

5.  An  object  has  a  volume  of  40  cm3.  What 
is  its  change  of  weight  when  submerged 
in  water? 

6.  Is  the  loss  of  weight  of  the  object  of  Ques¬ 
tion  5  the  same  if  it  is  submerged  in  oil 
as  when  it  is  submerged  in  water? 

7.  An  object  weighs  100  gf  and  floats  in 
water.  Does  it  displace  100  gf  of  water, 
more  than  100  gf,  or  less  than  100  gf? 

8.  The  specific  gravity  of  the  acid  in  a  car 
battery  is  1.28  when  the  battery  is  fully 
charged.  Does  a  hydrometer  float  higher 
or  lower  in  this  acid  than  in  water? 

9.  The  specific  gravity  of  ice  is  0.92.  What 
percent  of  the  volume  of  a  floating  ice 
cube  is  above  water? 

10.  Describe  two  practical  applications  of 
buoyancy. 


Problems 


1 .  A  piece  of  metal  weighs  500  gf  in  air 
and  400  gf  in  water.  What  is  the  volume  of 
the  metal? 

2.  What  is  the  weight  density  of  the 
metal  in  Problem  1?  Its  mass  density?  Its 
specific  gravity? 

3.  A  stone  has  a  specific  gravity  of  3.00. 
It  weighs  600  gf  in  air.  What  is  its  volume? 
What  will  it  weigh  in  water? 

4.  A  500-lb  stone  has  a  volume  of  3.00 
ft3.  What  will  it  weigh  in  water? 

5.  A  piece  of  metal  with  a  volume  of 
50  cm3  weighs  300  gf.  If  it  is  immersed  in  oil 
with  a  specific  gravity  of  0.80,  what  volume  of 
oil  does  it  displace?  What  weight  of  oil  does 
it  displace?  What  is  the  apparent  weight  of  the 
metal? 
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6.  What  is  the  volume  of  a  180-lb  man 
who  barely  floats  in  fresh  water? 

7.  A  floating  block  of  wood  weighs  20 
kgf.  How  many  cubic  centimeters  of  fresh 
water  does  it  displace?  If  the  block  is  a  cube 
30  cm  on  a  side,  how  far  will  it  sink  in  fresh 
water? 

8.  Find  the  specific  gravity  of  the  block 
of  wood  of  Problem  7,  and  show  that  it  is 
equal  to  the  ratio  of  the  depth  of  the  block 
below  water  to  the  height  of  the  block. 

9.  A  boy  can  lift  a  weight  of  100  lb. 
What  is  the  weight  in  air  of  a  stone  he  can 
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just  lift  in  water  if  the  specific  gravity  of  the 
stone  is  3.0? 


Discussion  Questions 


1.  A  submarine  cruises  at  a  constant  depth  of 
100  ft  below  the  surface  of  the  water.  What 
is  its  specific  gravity? 

2.  Pumice  is  a  volcanic  rock  that  floats.  It  is 
made  of  exactly  the  same  materials  as  many 
volcanic  rocks  that  do  not  float.  Why  can  it 
float? 


Gases  Exert  Pressure 


Most  of  the  discussion  in  this  part  of  the 
chapter  is  concerned  with  the  behavior  of 
air,  because  it  is  the  most  abundant  and 
most  important  gas.  However,  the  laws 
governing  its  behavior  are  also  true  for 
other  gases. 

8-13  The  weight  of  air  causes  air  pres¬ 
sure.  You  have  learned  that  the  pressure 
exerted  by  the  water  in  a  lake  or  ocean  is 
due  to  the  weight  of  the  water  (Fig.  8-2). 
A  similar  situation  exists  in  the  atmosphere, 
the  “ocean  of  air”  at  the  bottom  of  which 
we  live. 

The  casual  observer  does  not  notice  air 
pressure,  nor  does  he  notice  any  evidence 
that  air  has  weight,  since  air  has  a  very  low 
weight  density  compared  to  most  sub¬ 
stances.  In  fact,  a  cubic  foot  of  the  air 
around  you  weighs  only  about  IV3  oz.  The 
air  under  a  card  table  weighs  about  1  lb. 
If  you  weigh  a  basketball  when  it  is  at 
proper  playing  pressure  and  again  when 
some  of  the  air  has  been  let  out,  you  will 
find  a  difference  in  weight. 

The  pressure  of  the  atmosphere  is  quite 


large,  about  14.71b/in2  at  sea  level.  This 
means  that  the  force  on  a  single  square 
foot  is  well  over  a  ton.  The  reason  you  sel¬ 
dom  notice  air  pressure  is  that  it  exists  in¬ 
side  your  bodies  as  well  as  out.  The  force 
pushing  in  equals  the  force  pushing  out. 


Do  It  Now 


1.  Get  a  gallon  can  with  a  small  opening  that 
can  be  closed  with  a  rubber  stopper.  Be 
sure  to  rinse  the  can  out  thoroughly  so  that 
any  flammable  material  it  might  have  con¬ 
tained  is  completely  gone.  Duplicating 
fluid  used  in  the  school  office  comes  in  such 
a  can.  If  you  have  a  good  vacuum  pump, 
use  it  to  pump  air  out  of  the  can  and  note 
the  effect  of  air  pressure.  If  you  do  not 
have  a  vacuum  pump,  put  about  *4  inch  of 
water  in  the  bottom  of  the  can  and  boil  it  to 
drive  out  the  air.  Then  stopper  the  can 
tightly  and  cool  it  to  condense  the  steam, 
reducing  the  pressure  inside. 

2.  Measure  the  dimensions  of  a  similar  can 
and  calculate  the  total  force  due  to  air  pres¬ 
sure  of  14.7  lb/in2. 
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8-14  Air  pressure  varies  with  altitude. 

In  your  study  of  liquid  pressure  you  found 
that  pressure  increases  with  increasing 
depth.  This  is  to  be  expected,  of  course, 
since  at  greater  depths  there  is  more  liquid 
pushing  down  from  above.  Similarly,  in  the 
“ocean  of  air”  the  air  pressure  is  greatest  at 
the  bottom,  which  is  the  surface  of  the 
earth.  You  notice  this  when  you  rise  in 
a  fast  elevator.  The  air  pressure  on  the  out¬ 
side  of  your  eardrum  decreases,  but  the 
pressure  inside  your  body  does  not  change 
as  rapidly;  the  resulting  pressure  difference 
causes  your  eardrum  to  bulge  outward. 
Swallowing  helps  adjust  the  pressure  be¬ 
cause  there  is  an  air  passage  between  the 
ear  and  the  mouth.  On  the  trip  down,  the 
reverse  situation  causes  your  eardrum  to 
bulge  inward. 

The  graph  in  Fig.  8-13  shows  how  air 
pressure  changes  with  altitude.  In  a  liquid, 
as  you  have  learned,  the  pressure  is  pro¬ 
portional  to  depth.  For  every  1-ft  change  in 
depth  of  water,  for  example,  the  pressure 
changes  0.431b/in2.  As  you  rise  through 
the  atmosphere,  however,  the  pressure  de¬ 
creases  most  rapidly  in  the  first  few  miles. 
The  difference  between  liquids  and  air  in 
this  respect  is  related  to  their  compressi- 

Figure  8-13  This  graph  shows  the  variation 

of  atmospheric  pressure  with  elevation. 


bility.  It  is  all  but  impossible  to  compress 
a  liquid.  Therefore  the  density  of  a  liquid 
is  a  constant  ( unless  the  temperature 
changes )  and  each  additional  unit  of  depth 
contributes  the  same  share  of  additional 
pressure.  On  the  other  hand,  air  is  easily 
compressed.  As  a  result  the  air  near  the 
earth’s  surface  is  compressed  by  the  weight 
of  the  air  above  it  and  is  more  dense  than 
that  at  higher  altitudes.  Consequently,  the 
pressure  contributed  by  100  ft  of  air  near 
the  surface  of  the  earth  is  greater  than  that 
contributed  by  100  ft  of  air  high  in  the 
atmosphere. 

8-15  Air  pressure  exerts  force  that  is 
equal  in  all  directions.  In  your  study  of 
pressure  in  liquids  you  found  that  the  force 
due  to  pressure  at  a  point  is  exerted  equally 
in  all  directions.  Precisely  the  same  situa¬ 
tion  holds  true  in  gases.  Were  it  not  for 
this  fact,  plants,  animals,  and  dwellings 
would  all  be  crushed  by  the  tremendous 
weight  of  the  atmosphere.  But  atmospheric 
pressure  exerts  force  upward  on  the  bottom 
surface  of  a  tree  leaf  as  well  as  downward 
on  the  top  surface.  It  is  because  these  op¬ 
posing  forces  are  so  nearly  balanced  that 
you  seldom  notice  the  forces  due  to  atmos¬ 
pheric  pressure.  The  pressure  at  the  center 
of  a  tornado  is  extremely  low.  When  such 
a  storm  passes  over  a  house,  the  house  may 
literally  explode  because  of  the  greater 
pressure  inside.  Chickens  in  the  path  of 
such  a  storm  have  been  plucked  clean  as 
the  air  inside  each  quill  explodes  the 
feather. 

8-16  Archimedes’  principle  applies  to 
gases.  According  to  Archimedes’  principle, 
an  object  immersed  in  a  fluid  is  buoyed  up 
by  a  force  equal  to  the  weight  of  the  fluid 
displaced.  The  word  “fluid”  is  in  the  state¬ 
ment  because  the  principle  applies  to  gases 
as  well  as  to  liquids.  A  fluid  —  a  substance 
that  flows  —  may  be  either  a  gas  or  a  liquid. 
The  proof  of  Archimedes’  principle  (p.  199) 
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was  based  on  the  assumption  that  the  ob¬ 
ject  was  immersed  in  a  liquid.  With  a  slight 
change  to  account  for  the  fact  that  the  den¬ 
sity  of  a  gas  increases  with  depth,  however, 
the  same  proof  can  also  be  used  for  gases. 

The  buoyant  force  on  an  object  immersed 
in  air  is  equal  to  the  weight  of  the  air  dis¬ 
placed.  The  most  familiar  application  of 
the  buoyant  force  of  air  is  in  lighter-than- 
air  craft  such  as  airships  and  balloons. 
Hydrogen,  the  gas  of  lowest  density,  was 
long  used  in  these  lighter-than-air  craft. 
This  use  has  been  almost  entirely  dropped 
for  helium.  Helium  is  more  expensive,  but  it 
is  nonexplosive.  The  weight  density  of  he¬ 
lium  is  almost  twice  that  of  hydrogen.  In 
spite  of  this  the  lifting  power  of  a  helium- 
filled  craft  may  be  more  than  90  percent  of 
that  of  a  hydrogen-filled  one.  For  an  under¬ 
standing  of  this  paradox,  see  the  problems 
on  p.  207. 

8-17  The  mercury  barometer  measures 
air  pressure.  When  you  listen  to  a  weather 
report,  you  may  hear,  “Barometer  reads 
29.8  and  rising.”  This  is  a  report  of  the 
current  air  pressure.  The  most  accurate 
kind  of  barometer  for  measuring  air  pres¬ 
sure  is  illustrated  in  Fig.  8-14.  To  make  it, 


Figure  8—14  A  mercury  barometer  is  made 
by  filling  a  glass  tube  with  mercury  and  in¬ 
verting  it  into  a  cup  of  mercury.  The  top  of 
the  mercury  column  drops  to  about  30  inches 
above  the  level  in  the  cup.  The  height  of  the 
mercury  in  the  tube  above  the  level  in  the  cup 

is  a  measure  of  air  pressure. 

r\ 


top  of  mercury  column 


mercury 


a  long  glass  tube,  sealed  at  one  end,  is  com¬ 
pletely  filled  with  mercury  and  then  in¬ 
verted  in  a  cup  of  mercury.  If  the  tube  is 
more  than  30  in  long,  the  mercury  column 
will  drop  to  about  30  in,  leaving  an  almost 
perfect  vacuum  above  it.  The  air  pressure 
on  the  mercury  in  the  cup  is  exactly  equal 
to  the  mercury  pressure  inside  the  tube  at 
a  point  that  is  level  with  the  mercury  in  the 
cup.  As  the  air  pressure  changes,  the  level 
of  the  mercury  in  the  tube  changes.  It  is 
more  convenient  to  measure  this  in  inches 
or  millimeters  of  mercury  than  to  convert  it 
to  pounds  per  square  inch  or  dynes  per 
square  centimeter.  Normal  atmospheric 
pressure  is  defined  as  760  mm  of  mercury, 
which  is  approximately  equal  to  30  in  ( ac¬ 
tually  29.92  in).  It  is  the  average  atmos¬ 
pheric  pressure  at  sea  level.  Study  the  prob¬ 
lem  on  pressure  in  Example  5  below. 


EXAMPLE  5 


Find  the  pressure  in  pounds  per  square  inch  due  to  a 
column  of  mercury  30.0  in  high.  Mercury  has  a 
specific  gravity  of  1  3.6. 

Given:  h  =  30.0  in  =  2.50  ft 

sp.  gr.  of  mercury  =  1  3.6 


To  find:  P 


Solution:  dw  of  mercury  =  specific  gravity  of  mer¬ 
cury  times  dw  of  water 
dw  (mercury)  =  13.6  X  62.4  lb/ft,! 

P  =  hdw 

lb 

=  2.50  ft  X  13.6  X  62.4  — 

ft3 


,  lb 

=  2.12  X  103  — 
ft2 

2.12  X  103  lb  1  ft2  lb 

=  - - -  X  - o  =  '4./  —5, 

ft2  1 44  in“  in“ 


Answer 


Figure  8— 15  a.  The  pressure-sensitive  portion  of  the  aneroid  barometer  is  the  hollow  disk 
from  which  the  air  has  been  removed.  The  hollow  disks,  which  are  very  thin  and  flexible, 
are  prevented  from  collapsing  by  the  spring.  An  increase  in  air  pressure  squeezes  the  disk  a 
little,  and  a  decrease  in  air  pressure  permits  it  to  expand  somewhat.  This  slight  change  in 
thickness  of  the  disk  is  a  reliable  indication  of  air  pressure,  b.  An  aneroid  barometer. 


You  may  sometimes,  especially  on  weather 
maps,  find  pressure  given  in  bars  or  milli¬ 
bars. 

1  bar  =  106  dyne/cm2 
=  10  N/cm2 

1  millibar  =  10  dyne/cm2 
-  10-2  N/cm2 

A  pressure  of  1  bar  is  14.5  lb/in2,  almost  the 
same  as  normal  atmospheric  pressure. 

The  mercury  barometer  is  the  standard 
instrument  for  measuring  atmospheric  pres¬ 
sure.  To  obtain  accurate  readings,  the  ba¬ 
rometer  must  be  absolutely  vertical  and, 
of  course,  not  jiggling.  In  addition,  heat 
causes  mercury  to  expand  and  its  specific 
gravity  becomes  correspondingly  lower. 
Therefore  the  readings  must  be  corrected 
for  temperature  in  order  to  be  accurate. 

8-18  An  aneroid  barometer  is  very 
convenient.  Although  the  mercury  barom¬ 
eter  is  extremely  reliable  and  is  simple  to 
construct,  it  has  the  disadvantage  of  being 
bulky  and  fragile.  A  useful  substitute  is 
the  aneroid  barometer.  Aneroid,  derived 
from  Greek,  means  “without  liquid.”  A  dia¬ 


gram  of  this  barometer  is  shown  in  Fig. 
8-15a.  The  scale  of  an  aneroid  barometer 
is  commonly  calibrated  in  inches  and  milli¬ 
meters  of  mercury,  as  shown  in  Fig.  8-15b. 
Since  the  barometer  is  often  used  to  help 
predict  weather,  it  is  frequently  marked  in 
terms  of  possible  future  weather,  as  in  this 
case. 

An  aneroid  barometer  is  more  sturdy  and 
more  portable  than  the  mercury  barometer. 
It  can  be  constructed  so  that  a  very  small 
pressure  change  produces  a  noticeable 
change  in  the  position  of  the  pointer.  Ac¬ 
cordingly  it  can  be  used  as  an  altimeter  in 
an  airplane.  As  the  plane  rises,  the  altim¬ 
eter  needle  goes  down  because  of  the  re¬ 
duced  pressure.  The  numbers  on  the  dial 
read  feet  of  height  rather  than  inches  of 
mercury.  Before  an  airplane  takes  off,  the 
altimeter  is  adjusted  to  take  into  account 
the  barometric  pressure  at  the  field;  then 
the  altimeter  shows  the  altitude  of  the  field 
above  sea  level.  Because  the  barometric 
pressure  changes  from  place  to  place  and 
from  time  to  time,  the  pilot  periodically  ad¬ 
justs  the  altimeter  in  accordance  with  in¬ 
structions  radioed  to  him. 
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8-19  Gas  pressure  is  widely  used. 

Gases  under  pressure  are  used  for  many 
purposes:  to  operate  pumps,  to  keep  water 
out  of  underwater  tunnels  while  they  are 
being  built,  to  operate  drills  that  rip  up 
pavement,  to  supply  gas  for  homes.  You 
can  probably  think  of  other  uses. 


Self  Check 


1 .  What  is  the  cause  of  atmospheric  pressure? 

2.  What  is  normal  atmospheric  pressure  in 
pounds  per  square  inch,  in  inches  of  mer¬ 
cury,  and  in  millimeters  of  mercury? 

3.  Why  don’t  our  bodies  collapse  under  the 
great  force  due  to  air  pressure? 

4.  Compare  the  change  in  air  pressure  as  you 
rise  in  the  atmosphere  with  the  change  in 
water  pressure  as  you  go  down  in  a  lake  or 
ocean. 

5.  Why  does  a  helium-filled  balloon  rise? 

6.  Describe  the  construction  of  a  mercury 
barometer. 


Problems 


1 .  A  balloon  weighing  100  lb  is  filled 
with  10,000  ft3  of  hydrogen.  If  the  density  of 
air  at  32 °F  is  0.0807  lb/ft3  and  that  of  hydro¬ 
gen  is  0.00561  lb/ft3,  find  the  net  upward  force 
on  the  balloon. 

2.  If  the  same  balloon  is  filled  with 
helium  (density  0.0114  lb/ft3),  what  is  the  net 

upward  force? 


207 

3.  If  a  tire  gauge  reads  28.0  lb/in1 2  pres¬ 
sure,  what  is  the  absolute  pressure? 


Discussion  Questions 


1 .  Mountain  climbers  in  the  Himalayas  wear 
oxygen  masks.  Why  is  this  necessary? 

2.  A  diving  bell  is  a  large  bell-shaped  object 
that  is  open  at  the  bottom.  It  is  lowered 
into  deep  water  with  men  inside  it  so  that 
they  can  work  on  the  bottom  of  the  water. 
As  the  pressure  goes  up,  so  does  the  air 
pressure  inside  the  bell,  supplied  by  hoses 
from  above.  Thus  no  water  gets  into  the 
bell.  As  the  pressure  increases  around  them, 
it  forces  more  air  to  dissolve  in  the  blood 
of  the  men  than  when  the  pressure  was 
lower.  If  the  men  came  up  to  the  top  of  the 
water  suddenly,  what  might  happen  that 
would  be  very  dangerous?  First  try  to 
guess,  and  then  look  up  the  “bends,”  the 
disease  that  afflicts  them. 

3.  Which  weighs  more,  a  pound  of  lead  or  a 
pound  of  feathers?  This  is  a  riddle  often 
asked  to  trick  you.  They  should  weigh  the 
same,  of  course.  But  consider  the  problem 
of  buoyancy  due  to  the  fact  that  you  weigh 
them  in  air.  Suppose  that  you  have  a  true 
pound  mass  of  each,  and  that  you  put  them 
in  opposite  pans  of  an  equal-arm  balance. 
Will  they  balance,  or  will  one  seem  to  weigh 
more  than  the  other? 

4.  An  engineer  measuring  the  pressure  in  a 
tank  may  say  that  it  has  10  in  of  vacuum. 
What  does  he  mean? 


Motion  Affects  Pressure 


8—20  Pressure  is  reduced  inside  a  mov¬ 
ing  fluid.  Can  you  pitch  a  “curve  ball  ’?  For 
years  people  have  been  convinced  that  cer¬ 
tain  pitchers  could  pitch  a  ball  that  curves 
to  the  right  or  left.  A  few  years  ago  some 
skeptics  doubted  this.  They  said  that  the 


only  curve  a  ball  can  take,  once  it  leaves 
the  pitcher’s  hand,  is  the  parabola  deter¬ 
mined  by  the  laws  of  projectiles.  Some  en¬ 
terprising  scientists  took  pictures  of  a  ball 
in  flight,  pitched  by  a  man  who  said  he 
could  make  it  curve.  The  results  showed  a 


Figure  8—16  When  you  are  not  blowing  on  it,  the  paper  looks  like  the  photo  on  the  left. 
When  you  blow,  the  free  end  rises  as  shown  on  the  right. 


change  in  the  ball’s  direction.  Obviously 
the  ball’s  path  is  curved  in  a  manner  not 
completely  explained  by  the  projectile  laws. 

To  understand  how  this  can  happen,  you 
need  to  know  a  law  that  was  developed  by 
Daniel  Bernoulli,  a  Swiss  scientist  of  the 
18th  century.  According  to  Bernoulli’s 
principle,  the  pressure  in  a  moving  fluid 
is  less  when  the  velocity  is  high,  and  greater 
when  the  velocity  is  low.  You  can  show 
very  simply  that  this  law  is  true.  Hold  a 
sheet  of  paper  as  shown  in  Fig.  8-16,  and 
blow  across  the  top.  The  loose  end  of  the 
paper  rises  because  the  pressure  of  the 
quiet  air  below  it  is  greater  than  the  pres¬ 
sure  of  the  moving  air  above  it.  Figure  8-17 
shows  another  simple  experiment  that 
demonstrates  Bernoulli’s  principle. 

If  you  try  to  stand  up  when  a  strong  wind 
is  blowing,  you  may  decide  that  Bernoulli’s 
principle  is  all  wrong.  Here  is  a  fast-mov¬ 
ing  fluid,  but  instead  of  exerting  a  reduced 
pressure,  it  seems  to  be  exerting  an  in¬ 
creased  pressure  on  you.  This  is  because 
you  are  standing  still  and  trying  to  stop 
the  wind.  You  are  contending  with  the 
forces  of  Newton’s  laws.  You  exert  a  de¬ 
celerating  ( F  =  ma )  force  on  the  moving 
air  and  in  return  it  exerts  an  equal  and  op¬ 
posite  force  upon  you  (Newton’s  third 
law).  If  you  could  suddenly  make  your¬ 
self  as  light  as  a  leaf  and  let  yourself  be 
carried  by  the  stream  of  air,  you  would  no 
longer  feel  that  the  wind  was  exerting  a 


large  force  on  you.  It  is  the  pressure  in¬ 
side  the  stream  of  air  itself  that  is  reduced 
when  the  speed  increases.  The  pressure 
difference  results  in  a  force  perpendicular 
to  the  boundary  between  fast-moving  and 
slow-moving  or  quiet  air. 

Just  what  has  this  to  do  with  the  curving 
path  of  a  baseball?  A  ball  will  not  curve 
unless  it  is  spinning.  In  Fig.  8-18  you  see 
a  diagram  of  a  ball  spinning  counterclock¬ 
wise  as  it  moves  through  the  air.  From  the 
point  of  view  of  the  ball,  the  air  is  moving 
as  shown  by  the  arrows.  The  spinning  ball 

Figure  8—17  Put  a  pin  through  a  light  card. 
Then  put  the  end  of  the  pin  up  the  hole  of  a 
large  spool.  When  you  blow  down  the  hole, 
the  card  will  not  fall  because  the  moving  air 
between  the  bottom  of  the  spool  and  the  top 
of  the  card  exerts  reduced  pressure  on  the 
card. 

Blow  down  here 


t  t  t 


Force  due  to  air  pressure 
is  greater  here  than  where 
air  is  moving,  and  so  holds 
up  card. 


Air  rushes 


*•1 


Figure  8—18  A  spinning  ball  curves  because 
the  air  at  A,  helped  by  the  spin,  rushes  past 
the  ball  faster  than  the  air  at  B,  which  is 
slowed  by  the  spin  of  the  ball.  For  this  reason 
there  is  more  pressure  at  B  than  at  A. 

carries  a  little  air  around  with  it,  thus  giv¬ 
ing  the  air  on  one  side  a  little  added  velocity 
and  slowing  down  the  air  on  the  other  side. 
Since  the  pressure  is  greater  where  the  air 
velocity  is  less,  the  pressure  difference 
causes  a  force  that  gives  the  ball  a  curve 
to  one  side.  Roughening  the  surface  of  the 
ball  gives  it  a  chance  to  pick  up  more  air  as 
it  spins,  increasing  the  curvature  of  the 
path. 

8-21  Bernoulli’s  principle  has  many 
applications.  The  next  time  you  have  the 
chance,  look  at  the  wing  of  an  airplane. 
You  will  see  that  it  is  curved  like  the  piece 
of  paper  in  Fig.  8-16.  As  the  plane  moves 
along  the  runway,  the  air  rushes  over  its  long 
upper  wing  surface  more  rapidly  than  over 
the  shorter  lower  surface,  and  the  pressure 
difference  causes  the  plane  to  rise.  If  the 
“angle  of  attack”  of  the  wing  is  varied,  the 
lift  varies  considerably. 

The  action  of  an  atomizer  or  spray  gun 
is  also  dependent  on  Bernoulli’s  principle. 
A  swift  stream  of  air  is  forced  over  the  top 
of  the  vertical  tube.  As  a  result  the  air 
pressure  at  the  top  of  the  tube  is  less  than 
the  air  pressure  at  the  surface  of  the  liquid 
in  the  container.  The  unbalanced  pressure 
causes  a  force  that  sends  liquid  up  the  tube. 
As  the  liquid  starts  to  spill  over  the  top,  the 
air  stream  blows  it  into  many  tiny  drops 
that  spray  out  of  the  nozzle. 


Do  It  Now 


Hold  two  sheets  of  paper  by  the  upper  edges 
so  that  they  hang  vertically  about  4  in  apart. 
Blow  between  them  and  explain  the  result. 


Self  Check 


1 .  State  Bernoulli’s  principle. 

2.  Tell  how  Bernoulli’s  principle  is  involved  in 
the  operation  of  one  important  device. 


Discussion  Questions 


1 .  How  is  Bernoulli’s  principle  applied  in  the 
carburetor  of  an  automobile? 

2.  How  does  Bernoulli’s  principle  help  a  sail¬ 
boat  to  sail  into  the  wind? 


Chapter 

Summary 


The  specific  gravity  of  a  substance  compares 
its  density  with  that  of  water.  Mass  density 
is  mass  per  unit  volume  of  a  substance  and  is 
not  affected  by  gravitation.  Weight  density 
is  weight  per  unit  volume  and  varies  with 
changes  in  gravitational  forces. 

Pressure  is  force  per  unit  area.  In  a  liquid, 
pressure  increases  with  depth,  and  the  increase 
is  proportional  to  the  change  in  depth  and  to 
the  weight  density  of  the  liquid.  Water  supply 
systems  make  use  of  liquid  pressure.  Within  a 
liquid  the  force  due  to  pressure  is  exerted 
equally  in  all  directions.  If  pressure  is  exerted 
on  a  confined  liquid,  the  pressure  is  transmit¬ 
ted,  without  loss,  throughout  the  liquid.  This 
fact  makes  possible  the  construction  of  the 
hydraulic  press.  The  ideal  mechanical  advan¬ 
tage  of  a  hydraulic  press  is  the  ratio  of  the 
piston  areas  in  the  two  cylinders. 
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CHAPTER  EIGHT 


An  object  either  partly  or  totally  immersed 
in  a  fluid  appears  to  have  a  smaller  weight  than 
when  it  is  not  so  immersed.  The  apparent  loss 
of  weight  is  called  the  buoyant  force  and  is 
equal  to  the  weight  of  the  fluid  displaced.  A 
floating  object  displaces  its  own  weight  in  a 
liquid.  An  object  floats  in  water  if  its  specific 
gravity  is  less  than  1  and  sinks  if  its  specific 
gravity  is  greater  than  1. 

Air  exerts  pressure  because  of  its  weight. 
The  pressure  decreases  with  increase  in  alti¬ 
tude,  but  because  air  is  compressible,  the 
pressure  changes  most  rapidly  near  the  sur¬ 
face  of  the  earth  where  the  air  is  most  dense. 
As  with  liquids,  the  force  due  to  air  pressure  is 
exerted  equally  in  all  directions,  and  gases,  as 
well  as  liquids,  exhibit  buoyancy.  Air  pressure 
is  measured  by  mercury  and  aneroid  barome¬ 
ters  and  by  other  devices. 

Pressure  in  a  moving  fluid  is  decreased  as 
velocity  increases.  Many  important  practical 
applications  are  made  of  this  principle,  includ¬ 
ing  airplane  lift  and  spray  guns. 


Vocabulary- 

specific  gravity 
(p.  189) 

mass  density  (p.  190) 
weight  density 
(p.191) 

pressure  (p.  191) 
absolute  pressure 
(p. 192) 
gauge  pressure 
(p. 192) 

Pascal’s  principle 
( p.196 ) 

hydrostatic  paradox 
(p. 196) 
hydraulic  press 
(p. 196) 

buoyancy,  buoyant 
force  (p.  198) 


Archimedes’  principle 
( p.199 ) 
fluid  (p.  199 ) 
displacement  (p.  200) 
hydrometer  (p.  201 ) 
bathyscaphe  (p.  202) 
atmospheric  pressure 
(p. 203 ) 

mercury  barometer 
(p.  205 ) 

bar,  millibar  (p.  206) 
aneroid  barometer 

(p. 206) 

altimeter  (p.  206) 
Bernoulli’s  principle 

( p.208 ) 


Problems 


1 .  What  is  the  pressure  in  lb/in2  on  the 
road  beneath  a  car  weighing  2500  lb  if  the 


area  of  contact  of  each  tire  with  the  road  is 
50  in2? 

2.  What  is  the  pressure  in  dyne/cm2  at 
a  depth  of  1000  m  in  fresh  water? 

3.  The  bathyscaphe  Trieste  once  dove  to 
a  depth  of  35,800  ft  in  the  Pacific  Ocean. 
Assuming  that  the  density  of  sea  water  re¬ 
mains  constant  at  64.0  lb/ft3  throughout  the 
whole  distance,  calculate  the  pressure. 

4.  The  observers  in  the  Trieste  sat  in  a 
spherical  gondola  6.5  ft  in  diameter.  What  was 
the  total  force  on  the  gondola?  (Area  of  the 
surface  of  a  sphere  is  47rr2.) 

5.  What  is  the  force  on  the  vertical  walls 
of  a  cylindrical  water  tank  2.0  m  in  diameter  if 
the  water  is  3.0  m  deep? 

6.  A  hole  in  a  barrel  is  plugged  with  a 
cork  that  can  stand  a  pressure  of  3.0  lb/in2 
before  being  pushed  out.  The  hole  is  1.0  ft 
above  the  bottom  of  the  barrel.  What  height 
of  water  can  be  put  in  the  barrel? 

7.  A  hydraulic  press  has  pistons  with 
areas  of  4.0  cm2  and  640.0  cm2.  What  force  on 
the  smaller  piston  is  necessary  to  lift  a  load  of 
10,000  kgf? 

8.  The  area  of  the  small  and  large  pistons 
of  a  hydraulic  press  are  2.0  in2  and  100.0  in2 
respectively.  What  load  can  be  supported  by  a 
force  of  100.0  lb  applied  to  the  small  piston? 

9.  Gold  has  a  density  of  19.3  gf/cm3.  If 
a  king’s  crown  weighed  4000  gf  in  air  and 
3750  gf  in  water,  was  it  pure  gold? 

10.  A  stone  weighs  200  lb  in  air  and  has 
a  specific  gravity  of  2.5.  What  is  its  apparent 
weight  in  fresh  water? 

1 1 .  A  metal  cylinder  weighs  250  gf  in  air, 
210  gf  in  water,  and  215  gf  in  oil.  (a)  What 
is  the  volume  of  the  cylinder?  (b)  What  is  its 
density?  (c)  What  volume  of  oil  does  it  dis¬ 
place?  (d)  What  weight  of  oil  does  it  displace? 
(e)  What  is  the  density  of  the  oil? 

12.  A  flat  board  is  floating  on  a  pond.  If 
the  board  is  30  cm  long  and  10  cm  wide,  and 
floats  with  1.0  cm  out  of  water,  how  much  of 
the  board  will  still  be  out  of  water  if  a  200-gf 
frog  jumps  onto  the  board? 

13.  A  barometer  reads  60  cm  of  mercury 
when  up  in  a  balloon.  What  is  gauge  pressure 
at  that  altitude? 

1 4.  The  force  due  to  pressure  in  a  liquid 
is  always  perpendicular  to  the  surfaces  of  the 
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container.  Keeping  this  in  mind,  calculate  the 
total  force  on  the  sloping  bottom  of  a  water- 
filled  tank.  The  top  of  the  tank  is  100  cm  long 
and  30  cm  wide,  and  it  is  10  cm  deep  at  one 
of  the  narrow  ends  and  50  cm  deep  at  the 
other  narrow  end. 

1 5.  The  bathyscaphe  Trieste  holds  ap¬ 
proximately  3500  ft3  of  gasoline  in  its  float.  If 
the  density  of  the  gasoline  is  42  lb/ft3  and  that 
of  sea  water  is  64  lb/ft3,  what  is  the  buoyant 
force  due  to  the  gasoline? 

Discussion  Questions 

1 .  Why  can  a  man  travel  on  the  top  of  snow 
with  skis  or  snowshoes  when  he  would  sink 
into  it  without  them? 

2.  Why  does  a  sharp  knife  cut  better  than  a 
dull  one? 

3.  Eggshells  are  somewhat  porous,  allowing 
water  vapor  and  gases  in  and  out.  Con¬ 
sequently  when  eggs  are  kept  in  storage 
they  tend  to  dry  up  slightly.  How  can  you 
tell  the  difference  between  a  fresh  egg  and 
one  that  is  not  fresh,  without  cracking  the 
shell  or  smelling  it? 

4.  Red  blood  cells  carry  oxygen.  Indians  in 
the  high  Andes  Mountains  of  South  America 
have  more  red  blood  cells  per  cm3  of  blood 
than  do  people  who  live  at  lower  elevations. 
Why  is  this  a  help  to  them? 

5.  Two  rigid  balloons  having  the  same  volume 
and  weight  are  filled  with  helium.  One  has 
a  valve  that  lets  gas  out  of  the  balloon 
whenever  the  pressure  inside  is  greater  than 
that  outside.  If  the  two  balloons  are  re¬ 
leased  together,  which  will  rise  higher? 
Why? 

6.  Two  balloons  having  the  same  volume  and 
weight  are  filled  with  helium  at  atmospheric 
pressure.  One  is  rigid,  without  a  valve. 
The  other  also  has  no  valve,  but  is  free  to 
expand  as  the  pressure  outside  decreases. 
If  they  are  released  together,  which  will 
rise  higher?  Why? 

7.  A  chemist  uses  brass  weights  for  careful 
weighing.  Will  buoyancy  cause  more  error 
when  he  weighs  balsa  wood  or  when  he 
weighs  iron  shot?  Why? 

8.  Usually  when  you  are  taking  a  shower,  the 
curtain,  if  of  a  light-weight  material,  will 
shift  toward  you.  Why? 


Work  on  Your  Own 

1 .  Calculate  the  pressure  exerted  by  a  girl  in 
high  heels  when  she  has  all  of  her  weight 
on  the  heel  of  one  foot.  This  involves  your 
devising  some  method  for  measuring  the 
area  of  the  heel.  Compare  the  pressure  you 
find  with  the  pressure  exerted  when  she 
stands  on  one  bare  foot.  A  similar  experi¬ 
ment  could  be  done  to  find  the  pressure 
exerted  by  an  ice  skater.  You  might  also 
try  finding  the  pressure  exerted  by  the  blade 
of  a  knife  when  you  exert  a  force  of  1  lb  on 
the  handle.  A  micrometer  might  help  you 
to  find  the  area  of  the  cutting  edge. 

2.  Examine  battery  testers  and  antifreeze 
testers  in  a  garage  and  observe  how  they 
work  and  how  they  are  marked.  You  may 
not  find  the  specific  gravity  marked  on  the 
instrument. 

3.  Oil  is  less  dense  than  water  and  more  dense 
than  alcohol.  By  mixing  water  and  alcohol 
in  the  proper  proportion  you  can  produce  a 
solution  that  has  the  same  density  as  the 
oil.  A  drop  of  oil  squeezed  into  this  solu¬ 
tion  from  a  medicine  dropper  with  its  open¬ 
ing  below  the  surface  will  remain  at  the 
same  level.  Your  problem  is  to  manipulate 
the  density  of  the  solution  so  that  this 
happens. 

4.  The  following  liquids  have  different  densi¬ 
ties:  mercury,  carbon  tetrachloride,  water, 
gasoline.  Pour  a  little  of  each  in  the  order 
listed  above  into  a  tall,  narrow  glass  cylin¬ 
der.  Compare  their  densities  from  what  you 
observe.  Then  drop  into  the  cylinder  small 
bits  of  iron,  copper,  colored  glass,  balsa 
wood,  other  kinds  of  wood,  a  hard  plastic, 
and  ice.  Explain  what  happens. 

5.  Weigh  a  beaker  of  water  on  a  laboratory 
balance.  Predict  what  will  happen  if  you 
stick  your  finger  in  the  water  without  touch¬ 
ing  the  side  or  bottom  of  the  beaker.  Check 
your  prediction. 

6.  The  density  of  air  at  sea  level  when  the 
temperature  is  75 °F  is  about  0.0074  lb/ft3. 
Check  the  statement  made  on  p.  191  that 
the  air  under  a  card  table  weighs  about  a 
pound  by  measuring  a  card  table  and  cal¬ 
culating  the  weight.  Measure  the  size  of 
your  classroom  and  calculate  the  weight  of 
the  air.  Try  with  other  volumes. 
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In  this  18th  century  electrostatic  demonstration,  when  the  friction 
generator  was  turned,  the  boy  and  the  girl  became  electrically 
charged,  and  bits  of  paper  were  attracted  by  the  girl. 


Most  of  man's  understanding  of 
the  nature  of  magnetism  and 
electricity  has  been  developed 
since  about  the  year  1800.  In 
that  time,  however,  these  under¬ 
standings  have  become  some  of 
the  most  fundamental  and  useful 
concepts  in  all  of  physics.  Less 
than  one  hundred  and  fifty  years 
ago  scientists  were  quite  con¬ 
vinced  that  magnetism  and  elec¬ 
tricity  were  completely  unrelated; 
there  was  no  evidence  to  the 
contrary.  Then  came  the  break¬ 
through,  and  in  a  few  years  the 
foundations  of  modern  electrical 
science  were  developed.  Today 
scientists  know  that  magnetism 
and  electricity  are  intimately  re¬ 
lated,  that  every  changing  mag¬ 
netic  field  produces  an  electric 
field,  and  that  every  moving 
charged  particle  produces  a 
magnetic  field.  In  this  unit  you  will 
not  only  learn  something  of  what 
scientists  know  today  about  mag¬ 
netic  and  electrical  phenomena, 
but  you  will  also  learn  how  they 
developed  these  concepts. 
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CHAPTER 


Magnetic  domains  in  a  nickel-iron  alloy. 


Only  within  the  past  150  years  have  scientists  studied  the  relationship  between 
electricity  and  magnetism.  An  understanding  of  this  relationship  has  led  to 
the  construction  of  electromagnets,  motors  and  generators,  telegraph  and 
telephone  systems,  and  many  other  devices. 

While  some  scientists  have  been  developing  these  useful  applications  of 
electromagnetism,  others  have  been  turning  their  attention  to  magnetic  phe¬ 
nomena  within  and  around  the  earth.  They  have  learned  that  the  earth’s 
magnetic  field  is  probably  caused  by  currents  of  fluid  matter  within  the  earth; 
and  some  may  be  caused  by  currents  of  charged  particles  in  the  atmosphere. 

Scientists  have  studied  the  behavior  of  bar  magnets  and  electromagnets  and 
have  developed  theories  to  account  for  the  observations.  One  of  the  tech¬ 
niques  for  studying  the  details  of  magnetism  is  illustrated  in  the  photomicro¬ 
graph  at  the  left.  Here  a  thin  film  of  nickel-iron  alloy  has  been  magnetized. 
Its  magnetic  anatomy  has  been  made  visible  by  spreading  magnetic  powder 
over  the  alloy. 


Magnetic  Behavior 


9-1  Materials  vary  in  degree  of  mag¬ 
netism.  Sometimes  a  machinist  uses  a  mag¬ 
netized  screwdriver  to  hold  a  small  screw 
in  place  while  starting  to  drive  it  in.  If  he 
uses  the  screwdriver  on  a  brass  screw,  how¬ 
ever,  he  finds  that  it  will  not  hold  the  screw. 
You  probably  have  experimented  with  mag¬ 
nets  and  know  that  the  common  materials 
affected  by  magnetism  contain  some  form 
of  the  element  iron.  Steel  nuts  and  bolts, 
pieces  of  scrap  iron,  paper  clips,  and  baling 
wire  are  magnetic. 

Most  chemical  compounds  of  iron  are  al¬ 
most  completely  nonmagnetic.  The  iron  in 


blood  and  the  iron  in  certain  foods  and 
medicines  are  in  chemical  combination 
with  other  elements  and  are  therefore  non¬ 
magnetic.  However,  one  important  com¬ 
pound  of  iron  and  oxygen  is  distinctly 
magnetic.  This  abundant  form  of  iron  ore  is 
known  as  magnetite  (Fe304).  Geophysical 
prospectors  use  magnetic  measuring  instru¬ 
ments  to  reveal  the  presence  of  magnetite 
and  other  magnetic,  iron-containing  min¬ 
erals. 

Although  iron  is  the  most  common  mag¬ 
netic  substance,  it  is  not  the  only  one.  The 
elements  nickel  and  cobalt  are  also  mag- 
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netic.  (A  United  States  five-cent  piece  or 
“nickel”  shows  little  or  no  magnetic  prop¬ 
erties,  because  “nickel”  coin-metal  is  an 
alloy  of  25%  nickel  and  75%  copper.  Cana¬ 
dian  five-cent  pieces,  on  the  other  hand, 
are  nearly  pure  nickel,  and  show  definite 
magnetic  properties. ) 

Indeed,  all  materials  show  some  magnetic 
effect,  although  it  is  usually  so  minute 
that  special  instruments  are  required  to 
detect  it.  Some  substances  are  even  re¬ 
pelled  by  a  magnet,  but  the  repelling  force 
is  very  slight. 

Three  terms  are  used  to  describe  mag¬ 
netic  properties: 

1.  Ferromagnetic  —  materials  which  are 
strongly  attracted  by  a  magnet.  Ex¬ 
amples:  iron,  nickel,  cobalt. 

2.  Paramagnetic  —  all  materials,  includ¬ 
ing  ferromagnetic  ones,  which  are  at¬ 
tracted  by  a  magnet.  Examples  of 
weak  paramagnetic  materials:  oxygen, 
aluminum,  platinum. 

3.  Diamagnetic  —  materials  which  are 
repelled  by  a  magnet.  Example:  bis¬ 
muth. 


Figure  9-1  In  this  photograph  iron  filings 
were  scattered  on  a  sheet  of  glass  above  a 
bar  magnet  and  a  horseshoe  magnet  (a  bar 
magnet  bent  into  this  shape).  The  arrange¬ 
ment  of  the  filings  indicates  the  general  nature 
of  the  magnetic  region  around  the  magnets. 

In  each  magnet  the  magnetism  seems  to  be 
concentrated  in  two  regions,  or  poles,  near  the 
ends. 

9-2  Magnets  have  poles.  If  you  put 

a  magnet  into  a  box  of  tacks,  you  find  that 
it  picks  up  many  tacks  at  each  of  its  ends 
and  very  few  at  its  middle.  The  regions  of 
strongest  magnetism  near  the  ends  are 
called  the  poles  of  the  magnet,  or  the 
magnetic  poles.  Most  magnets  have  two 
such  poles.  The  poles  can  be  found  also  by 
an  experiment  like  that  in  Fig.  9-1. 

Centuries  ago  men  discovered  that  if  they 
put  a  magnetized  needle  on  a  straw  floating 
in  water,  it  would  swing  until  it  pointed 
approximately  north  and  south.  They 
named  the  end  that  pointed  north  the 
north-seeking  pole  of  the  magnet  or,  more 
simply,  the  north  pole  (N-pole).  The 
other  end  was  called  the  south-seeking 
pole,  or  the  south  pole  (S-pole).  Such  a  sus¬ 
pended  needle  was  often  used  as  a  compass 
on  ships. 

In  Fig.  9-1  you  see  that  the  lines  of 
iron  filings  do  not  lead  to  a  single  spot  at 
each  end  of  the  magnet.  A  magnetic  pole 
is  not  a  pinpoint;  it  is  a  region.  This  be¬ 
comes  even  more  obvious  if  you  break  a 
magnet  in  two,  as  shown  in  Fig.  9-2. 
Each  magnet  formed  has  two  poles.  Any 
theory  developed  about  magnetism  must 
account  for  the  appearance  of  new  poles 
when  a  magnet  is  broken. 


Figure  9-2  The  effects  of  breaking 
a  magnet.  Before  being  broken,  the 
bar  magnet  seemed  to  have  little  mag¬ 
netism  near  its  center.  After  it  is 
broken,  however,  it  shows  a  new  pole 
near  each  of  the  two  new  ends.  This 
indicates  that  the  magnetism  of  a  bar 
magnet  exists  all  through  it,  not  just  at 
the  ends. 


216 


217 


/ 


Figure  9—3  This  experiment  with  two  mag¬ 
nets,  one  suspended  and  one  held  in  the  hand, 
shows  that  unlike  poles  attract  each  other 
and  like  poles  repel  each  other. 

9-3  The  law  of  magnets  describes 
their  behavior.  The  experiment  shown  in 
Fig.  9-3  illustrates  the  law  of  magnets: 
Like  magnetic  poles  repel  each  other;  un¬ 
like  poles  attract  each  other.  The  law  of 
magnets  is  very  much  like  the  law  de¬ 
scribing  the  behavior  of  positive  and  nega¬ 
tive  electric  charges.  Coulomb,  who  stud¬ 
ied  the  forces  between  static  electric 
charges  (p.  85),  also  studied  the  forces 
between  magnets.  He  found  that  the  force 
between  two  magnetic  poles  varies  directly 
as  the  product  of  the  strength  of  the  poles 
and  inversely  as  the  square  of  the  distance 
between  them;  that  is, 

km1m2 
F  =  — 

where  m1  and  m2  are  the  strengths  of  the 
magnetic  poles  and  s  is  the  distance  between 
them.  This  law  is  very  much  like  the  one 
for  static  charges.  It  differs  from  it,  how¬ 
ever,  in  being  only  an  approximate  law 
since  the  law  of  magnets  assumes  that  mag¬ 
netic  poles  are  points,  which  they  are  not. 

Because  the  rules  of  behavior  for  mag¬ 
nets  are  similar  to  those  for  charges,  you 


may  be  tempted  to  think  of  electricity  and 
magnetism  as  two  aspects  of  the  same  thing. 
This  is  not  the  case,  as  pointed  up  by  the 
observation  that  a  positive  charge  can  exist 
all  by  itself,  but  a  north  pole  cannot.  Mag¬ 
netic  poles  always  occur  in  pairs,  one  north 
and  one  south. 

9-4  Permanent  magnets  can  be  made. 

You  can  make  a  magnet  easily  out  of  a 
needle  or  a  nail  by  stroking  it,  in  one  direc¬ 
tion  only,  with  the  pole  of  another  magnet. 
When  compasses  were  used  first,  the  only 
permanent  magnets  were  pieces  of  a  nat¬ 
urally  magnetized  substance  called  lode- 
stone  (the  mineral  magnetite).  Every  time 
a  ship’s  captain  wanted  to  use  his  compass, 
he  had  to  magnetize  the  needle  by  stroking 
it  with  a  piece  of  lodestone.  The  needle 
was  made  of  soft  iron,  the  only  kind  of 
iron  then  known.  Soft  iron  does  not  hold  its 
magnetism.  Now  permanent  magnets  that 
remain  magnetized  for  a  very  long  time 
can  be  made  by  stroking  a  good  steel 
needle  or  nail  with  a  magnet.  This  method 
for  making  permanent  magnets  involves 
bringing  a  suitable  ferromagnetic  material 
under  the  influence  of  a  magnet. 

Permanent  magnets  can  be  weakened  by 
vibrating  them  severely,  by  heating  them 
up  to  several  hundred  degrees  Celsius,  or 
by  using  a  special  electric  device  to  reduce 
the  magnetism  to  zero.  Electric  demag¬ 
netizing  devices  are  used  to  repair  watches 
which  have  become  magnetized. 


Do  It  Now 


Try  to  magnetize  sewing  needles,  nails,  iron 
bolts,  and  pieces  of  spring  steel  by  rubbing 
them  many  times,  in  one  direction  only,  with 
one  pole  of  a  strong  permanent  magnet.  Are 
all  the  materials  equally  magnetized  by  this 
treatment?  Determine  which  end  of  each  ob¬ 
ject  has  a  north  pole. 
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Self  Check 


1 .  What  word  describes  materials  which  are 
attracted  strongly  by  a  magnet? 

2.  Name  two  materials  other  than  iron  and 
steel  which  are  strongly  attracted  by  a 
magnet. 

3.  How  did  the  north  pole  of  a  magnet  get  its 
name? 

4.  If  two  cylindrical  magnets  are  placed  side 
by  side  on  a  table  with  the  two  south  poles 
together,  what  happens? 

5.  How  could  you  magnetize  a  screwdriver? 

6.  What  kind  of  metal  will  make  a  nonperma¬ 
nent  magnet? 


Discussion  Questions 


1 .  If  you  had  only  one,  unmarked  magnet, 
how  could  you  find  which  end  was  the 
N-pole? 

2.  If  you  had  two  magnets,  one  marked  and 
the  other  not,  how  could  you  use  the  marked 
magnet  to  find  the  N-pole  of  the  other? 

3.  Your  school  laboratory  probably  has  a  num¬ 
ber  of  rectangular  steel  magnets.  As  a  re¬ 
sult  of  careless  use,  some  may  not  be  per¬ 
fectly  magnetized.  How  could  you  test 
them  to  see  which  are  in  poor  condition? 

4.  How  might  a  watch  become  magnetized? 
Why  is  this  bad  for  the  watch? 


Magnetic  Behavior  in  Terms  of  Magnetic  Fields 


9-5  Magnetic  effects  operate  at  a 
distance.  Anyone  who  has  worked  with 
magnets  realizes  that  they  need  not  actually 
touch  objects  in  order  to  attract  them.  In¬ 
deed  magnetic  attraction  operates  through 
many  materials,  such  as  air,  glass,  alumi¬ 
num,  and  water,  as  well  as  through  empty 
space. 

The  influence  of  a  magnet  extends  in¬ 
finitely  out  into  space.  The  region  of  in¬ 
fluence  surrounding  a  magnet  is  known  as 
its  magnetic  field.  It  is  strongest  near  the 
magnet  and  decreases  with  distance.  Since 
a  magnet  has  two  poles,  a  magnetic  field 
exerts  a  force  on  both  ends,  creating  a 
moment  that  tends  to  turn  the  magnet. 


Do  It  Now 


Over  how  great  a  distance  can  you  demon¬ 
strate  the  effect  of  a  magnetic  field?  Suspend 
a  strong  permanent  magnet  by  a  long  thread, 
then  try  to  influence  it  with  another  strong 
magnet  several  feet  away.  Can  you  accom¬ 
plish  this  at  a  distance  of  1  m?  3  m?  5  m? 


9-6  Magnetic  fields  can  be  measured 
and  graphed.  Although  you  cannot  feel 
or  see  a  magnetic  field,  there  are  simple 
ways  of  studying  it.  Place  a  horizontal 
sheet  of  paper  or  glass  just  above  a  magnet. 
Then  sprinkle  iron  filings  on  the  paper. 
You  will  find  that  they  arrange  themselves 
into  a  definite  pattern  like  the  ones  in  Figs. 
9-1, 9-2,  and  9-4. 

The  iron  filings  form  a  pattern  that  is 
densest  near  the  poles,  where  the  field  is 


Figure  9-4  These  objects  were  magnetized 
and  a  piece  of  glass  was  placed  on  them. 
Iron  filings  were  next  sprinkled  on  the  glass. 
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most  intense.  Although  the  field  varies  in 
intensity  throughout  the  region  surround¬ 
ing  the  magnet,  it  is  nevertheless  smooth 
and  continuous.  There  are  no  strips  of 
space  where  the  field  is  zero  sandwiched 
between  strips  having  a  strong  field. 
Though  the  iron  filings  arrange  themselves 
into  lines,  the  magnetic  field  itself  is  not 
separated  into  lines. 

A  magnetic  field  can  also  be  explored 
with  a  small  magnetic  compass.  If  a  com¬ 
pass  is  placed  at  several  successive  points 
near  a  magnet,  it  orients  itself  according  to 
the  magnetic  field  at  these  points,  as  in 
Fig.  9-5.  This  suggests  that  a  magnetic 
field  has  direction  as  well  as  magnitude 
and  is  therefore  a  vector  quantity.  The  di¬ 
rection  of  a  magnetic  field  is  defined  as  the 
direction  of  the  force  on  a  north-seeking  or 
N-end  of  a  pivoted  compass  needle. 

The  term  “lines  of  force”  is  used  fre¬ 
quently  in  describing  magnetic  fields.  A 
line  of  force  is  defined  as  the  path  which 
would  be  taken  by  an  isolated  N-pole  (if 
there  were  such  a  thing)  completely  free 
to  move  in  a  magnetic  field.  Thought  of  in 
this  way,  a  “line  of  magnetic  force”  does 
have  meaning.  However,  it  is  best  not  to 
think  of  a  magnetic  field  as  consisting  of 
lines  of  force,  since,  as  was  noted  previously, 
a  magnetic  field  is  continuous. 

Figure  9-5  A  magnetic  field  can  be  ex¬ 
plored  with  a  compass.  Here  compass  head¬ 
ings  are  shown  in  many  positions.  The  upper 
row  suggests  a  line  of  force  of  the  field.  The 
lower  compasses  are  placed  at  random. 


Do  It  Now 


1 .  Explore  the  field  of  a  permanent  magnet 
with  finely  ground  iron  filings.  As  you  tap 
the  paper  more  and  more,  you  find  that  the 
lines  which  the  filings  form  become  more 
and  more  distinct  and  separate.  Soon  you 
will  have  substantial  areas  where  there  are 
no  iron  filings.  Can  you  demonstrate  that 
there  is  actually  a  magnetic  field  even  in 
this  “no-iron-filings”  space? 

2.  Roughly  sketch  the  pattern  of  the  iron 
filings,  then  remove  them.  Use  a  small  mag¬ 
netic  compass  to  explore  the  magnetic  field. 
Move  the  compass  in  a  direction  indicated 
by  its  N-pole,  so  that  it  “follows  its  nose.” 
Does  this  path  coincide  with  the  former 
location  of  the  lines  of  iron  filings? 

9-7  Magnets  consist  of  domains.  If 

you  wish  to  know  tvhy  there  are  magnetic 
forces,  you  cannot  get  an  answer.  Magnetic 
forces  exist,  just  as  gravitational  and  elec¬ 
trical  forces  exist.  Scientists  can  describe 
their  behavior,  but  cannot  account  for  them. 

There  are  other  “why”  questions  about 
magnetic  materials,  however,  that  scientists 
can  answer  by  formulating  a  theory  about 
how  magnetic  forces  act.  Some  questions 
you  might  ask  are: 

Why  are  some  materials  more  magnetic 
than  others? 

Why  does  a  bar  magnet,  when  broken 
in  the  middle,  seem  to  have  new 
poles  at  the  two  new  ends? 

Why  can  you  make  a  magnet  by 
stroking  a  piece  of  iron  with  another 
magnet? 

Why  does  heating  or  vibrating  destroy 
a  magnet? 

Why  does  a  magnet  attract  an  unmag¬ 
netized  piece  of  iron? 

The  theory  that  answers  these  questions 
best  is  this:  Ferromagnetic  materials, 
whether  in  a  magnetized  or  unmagnetized 
condition,  are  made  up  of  atoms  which  are 


Fig  ure  9—6  In  a  crystal  of  iron  there  is  an 
atom  at  each  corner  of  the  cube  plus  one 
atom  at  the  middle.  In  this  portion  of  an 
iron  crystal  all  of  the  atomic  magnets  have 
lined  up  so  that  the  direction  of  their  field 
is  from  left  to  right.  Many  millions  of  atoms 
lined  up  in  this  way  constitute  a  domain. 

themselves  tiny  magnets,  each  with  a  north 
and  a  south  pole.  Iron,  like  most  solids,  is 
a  crystalline  substance,  with  an  orderly  ar¬ 
rangement  of  atoms  (Fig.  9-6).  Each 
atom  is  a  magnet  and  therefore  is  sur¬ 
rounded  by  a  magnetic  field.  Since  it  is  a 
magnet,  each  atom  is  influenced  by  the 
magnetic  fields  of  the  other  atoms.  Conse- 


sequently,  many  little  atomic  magnets  line 
up  parallel  to  each  other.  Millions  of  atoms 
arranged  like  this  form  a  magnetic  domain. 
Each  domain  is  perfectly  magnetized;  that 
is,  all  its  atomic  magnets  are  lined  up  in 
the  same  direction.  Domains  are  extremely 
small,  and  a  crystal  of  iron  contains  many 
of  them. 

In  an  iron  crystal  there  are  six  directions 
of  magnetism  in  which  the  field  of  a 
domain  ordinarily  may  point.  In  Fig. 

9-6  the  direction  is  to  the  right.  The 
other  directions  are  to  the  left,  up,  down, 
toward  the  back,  and  toward  the  front.  In 
an  unmagnetized  piece  of  iron,  the  domains 
are  lined  up  in  various  directions,  with  the 
result  that  their  fields  cancel  each  other 
(Fig.  9-7a).  Now  suppose  someone 
strokes  the  unmagnetized  iron  with  a  mag¬ 
net.  The  outside  field  due  to  the  magnet 
exerts  a  force  on  the  domains  in  the  iron. 
Some  of  the  stages  in  the  process  are  shown 
in  Fig.  9-7. 


Figure  9-7 
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a. 

In  a  small  piece  of  unmagnetiz¬ 
ed  crystal  of  iron,  the  domains 
have  a  random  arrangement, 
and  their  fields  cancel  each 
other.  The  diagram  here  is  a 
simplified  one,  since  it  leaves 
out  domains  that  have  their 
directions  out  of  the  paper 
and  down  into  it,  and  since  it 
represents  all  of  the  domains 
as  being  the  same  size  and 
the  same  shape. 
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b. 


Here  an  outside  field  has  been 
applied  in  the  direction  shown. 
The  force  exerted  causes  the 
domains  indicated  by  red  ar¬ 
rows  to  grow  at  the  expense 
of  others.  The  growth  oc¬ 
curs  because  atoms  near  the 
boundaries  flip  over  as  they 
experience  the  double  effect 
of  the  outside  field  and  the 
field  of  the  nearby  domains. 
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c. 

Now  the  boundaries  have 
spread  so  that  only  the  do¬ 
mains  that  are  partly  in  the 
direction  of  the  outside  field 
are  left.  If  the  outside  field  is 
strong  enough,  the  last  step 
is  to  turn  all  of  the  magnetized 
atoms  so  that  they  line  up  with 
the  outside  field.  This  means 
that  they  must  have  a  direc¬ 
tion  that  is  not  one  of  the  six 
usual  magnetic  directions  of 
the  iron  crystal;  therefore,  this 
step  is  the  hardest  of  all. 


/ 


/ 


/ 

d. 

The  iron  is  now  magnetized  as 
strongly  as  it  can  be.  All  of 
the  magnetic  atoms  are  lined 
up  in  the  direction  of  the  out¬ 
side  field. 
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Figure  9—8  These  photographs,  taken  through  a  microscope,  show  the  domains  in  cobalt. 
In  a  you  see  the  domains  lengthwise;  in  b  you  see  their  ends.  To  outline  the  domains, 
magnetite  was  ground  to  a  fine  powder  and  mixed  with  a  liquid.  A  very  thin  layer  of  the 
liquid  was  put  on  the  cobalt  surface.  The  bits  of  magnetite  floated  to  the  edges  of  the 
domains,  outlining  them.  See  page  370  for  a  photograph  of  domains  in  a  nickel-iron  alloy. 


The  domain  theory  certainly  helps  to 
explain  how  you  can  magnetize  a  piece 
of  iron  by  stroking  it  with  a  magnet.  How¬ 
ever,  more  proof  than  this  is  needed  before 
you  should  accept  the  theory  as  a  good  one. 
Two  pieces  of  evidence  have  helped  to 
establish  the  domain  theory. 

Look  at  Figs.  9-1  and  9-2.  Where 
are  the  iron  filings  thickest?  At  the  edges 
of  the  magnets.  This  fact  gave  scientists 
an  idea.  Suppose  you  used  finely  ground 
bits  of  a  magnetic  substance  and  put  them 
on  a  very  smooth  piece  of  a  ferromagnetic 
material.  They  might  outline  the  edges  of 
the  domains.  This  experiment  was  tried, 
and  it  worked. 


Figure  9-8a  shows  the  domains  in  a 
piece  of  cobalt.  Notice  that  they  are  paral¬ 
lel  strips.  In  cobalt,  magnetic  atoms  nor¬ 
mally  line  up  in  two  directions  only.  In 
this  picture  they  are  to  the  right  or  to  the 
left.  Figure  9-8b  is  an  end  view  of  the 
cobalt  domains.  Here  each  domain  has  a 
field  that  is  either  up  out  of  the  paper  or 
down  into  it,  as  seen  in  the  picture.  It  is 
possible,  using  a  microscope,  to  watch  the 
changes  in  the  domains  as  a  magnetic  field 
is  applied.  Figure  9-9  shows  a  domain 
boundary  moving  down  in  an  iron  alloy 
because  of  the  presence  of  an  outside  mag¬ 
netic  field  directed  to  the  right.  This  kind 
of  photograph  makes  it  possible  to  measure 


Figure  9—9  a  A  piece  of  silicon  iron  was  placed  on  a  microscope  stage  and  covered  with  tiny  bits 
of  magnetite  floating  in  liquid.  The  magnetite  floated  to  the  boundary  between  two  domains,  form¬ 
ing  the  horizontal  straight  line.  Pay  no  attention  to  the  white  flecks,  b  and  c  An  external  magnetic 
field,  directed  to  the  right,  was  applied.  Under  its  influence  plus  that  of  the  field  of  the  upper  do¬ 
main,  magnetic  atoms  in  the  lower  domain  flipped  over  near  the  boundary.  The  bits  of  magnetite 
floated  along  as  the  bounaary  moved.  The  two  slanting  domains  left  behind  represent  a  crystal 
imperfection. 
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the  sizes  of  domains.  In  an  unmagnetized 
piece  of  iron,  domains  range  in  volume 
from  10-6  to  10-2  cm3.  Thus  a  domain  in 
this  material  contains  from  1017  to  1021 
atoms. 

The  other  piece  of  experimental  evidence 
supporting  the  domain  theory  is  this :  While 
a  piece  of  iron  is  being  magnetized  by  a 
slowly  increasing  magnetic  field,  a  listening 
device  attached  to  a  loudspeaker  is  put  in 
the  field.  At  intervals  a  sharp  crack  is 
heard.  It  seems  likely  that  each  crack  sig¬ 
nals  a  sudden  change  in  the  boundary  of  a 
domain. 

9-8  The  domain  theory  explains  mag¬ 
netic  behavior.  The  questions  asked  on 
p.  219  can  be  answered  by  using  the  do¬ 
main  theory.  Some  materials  are  more 
magnetic  than  others  because  their  atoms 
are  stronger  magnets.  In  a  permanent  mag¬ 
net  the  domains  are  lined  up  throughout 
the  magnet;  therefore,  breaking  the  mag¬ 
net  merely  turns  it  into  two  complete 
magnets. 

When  you  stroke  a  piece  of  iron  with 
the  north  pole  of  a  magnet,  the  south  ends 
of  the  magnetic  atoms  in  the  domains  are 
attracted  and  tend  to  line  up  in  the  direc¬ 
tion  in  which  the  north  pole  is  moving. 
Vibrating  or  heating  weakens  a  magnet  by 
shaking  up  the  domains  and  converting 
them  to  more  nearly  equal  size,  with  ran¬ 
dom  magnetic  orientation. 

Why  does  a  magnet  attract  an  unmag¬ 
netized  piece  of  iron?  At  first  the  domains 
making  up  the  unmagnetized  nail  are  not 
lined  up.  However,  when  the  south  pole 
of  a  magnet  is  brought  near  the  nail,  those 
domains  with  their  fields  pointing  toward 
the  magnet  grow  at  the  expense  of  the 
others.  Consequently  the  nail  becomes  a 
temporary,  somewhat  imperfect  magnet 
with  a  north  pole  at  the  top  and  a  south 
pole  at  the  bottom.  The  process  is  called 
magnetizing  by  induction.  The  nail  is  a 


magnet  because  of  the  presence  of  a  mag¬ 
netic  field.  When  you  remove  the  nail  from 
the  permanent  magnet,  most  or  all  of  the 
domains  of  the  nail  return  to  their  original 
random  arrangement.  If  the  field  is  very 
strong,  the  nail  may  retain  some  permanent 
magnetism  even  after  the  original  field  is 
gone. 


Self  Check 


1 .  What  is  the  name  of  the  region  in  which  a 
magnet  produces  an  influence  on  other 
magnets  or  magnetic  materials? 

2.  How  large  is  the  region  of  influence  of  a 
magnet? 

3.  Describe  two  ways  in  which  you  could 
show  the  presence  of  a  magnetic  field. 

4.  Is  there  a  magnetic  field  between  the 
“lines”  of  iron  filings  around  a  magnet? 

5.  What  is  the  direction  of  a  magnetic  field 
at  a  point? 

6.  Why  is  iron  a  magnetic  material? 

7.  What  is  a  magnetic  domain? 

8.  How  are  the  domains  arranged  in  an  un¬ 
magnetized  piece  of  material? 

9.  What  happens  to  the  domains  of  an  un¬ 
magnetized  ferromagnetic  object  when  it 
is  placed  in  a  magnetic  field? 

10.  Why  does  heating  destroy  a  magnet? 

1 1 .  Describe  a  method  by  which  magnetic 
domains  can  be  observed. 

12.  What  is  magnetization  by  induction? 


Discussion  Questions 


1 .  Why  must  you  not  stroke  a  bar  of  iron  with 
another  magnet  with  a  back-and-forth  mo¬ 
tion  if  you  wish  to  make  a  magnet  of  the 
bar? 

2.  When  a  scientist  wishes  to  study  magnetic 
domains,  why  does  he  put  the  powdered 
magnetite  in  a  liquid  instead  of  scattering 
it  over  the  surface  of  the  iron? 
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Electromagnetic  Behavior 


9-9  Electric  current  in  a  wire  is  a 
flow  of  electrons.  An  electric  current  in 
a  wire  consists  of  a  flow  of  electrons,  as 
suggested  in  Fig.  9-10.  When  an  electric 
current  exists  within  a  substance,  electrons 
are  passed  along  from  atom  to  atom,  or 
from  molecule  to  molecule.  The  moving 
electrons  are  part  of  the  substance  itself. 
In  good  conductors  of  electricity,  some 


electrons  of  each  atom  are  loosely  attached 
to  the  rest  of  the  atom  and  are  free  to 
move  from  one  atom  to  the  next.  They 
therefore  are  called  free  electrons  (p.87). 
It  is  not  necessary  to  supply  electrons  to 
an  electric  circuit.  It  is  necessary  only  to 
supply  energy  to  move  the  electrons  through 
the  substance  of  which  they  are  a  part. 
The  energy  may  be  supplied  by  a  dry  cell. 


Figure  9-10  The  diagram  below  shows  copper  atoms  with  a  normal  arrangement  of 
twenty-nine  orbiting  electrons  per  atom.  When  an  extra  '‘free”  electron  is  added  at  the  left, 
other  electrons  in  turn  are  passed  along  to  succeeding  atoms  at  the  right.  The  result  is  a 
general  drift  of  free  electrons  from  left  to  right. 

Extra  electron  is 
added  to  the 
29  already  pos¬ 
sessed  by  cop- 


The  first  atom  cannot 
handle  30  electrons, 
so  it  passes  one 
along  to  the  second 
atom. 

This  diagram  is  of  a  segment  of  copper  (or  other  metal)  wire.  Here  only  the  free  electrons 
are  shown.  Under  ordinary  conditions  there  is  a  general  shifting  of  free  electrons  among 
atoms.  However,  when  there  is  electric  current,  there  is  also  a  general  drift  of  electrons 
from  one  end  toward  the  other.  Notice  that  the  electrons  are  caused  to  move  by  an  excess 
of  electrons  at  the  left  and  a  deficiency  of  electrons  at  the  right;  that  is,  the  left  end  of  this 
wire  has  a  negative  charge  as  compared  with  the  right  end.  If  this  were  not  so,  the  elec¬ 
trons  would  not  move. 


Similarly,  the  second  atom 
passes  an  electron  along 
to  the  third;  the  third  atom, 
to  the  fourth;  etc. 
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Figure  9-11  A  simple  circuit  like  this  one 
can  be  used  to  show  the  existence  of  a  mag¬ 
netic  field  around  a  current. 


9-10  A  magnetic  field  surrounds  an 
electric  current.  In  Fig.  9-11  a  wire  is 
connected  across  the  terminals  of  a  fresh 
dry  cell.  As  a  result  there  is  a  large  cur¬ 
rent  in  the  wire.  Compass  needles  or  iron 
filings  surrounding  the  wire  indicate  the 
presence  of  a  magnetic  field. 

It  is  important  to  note  that  the  magnetic 
lines  of  force  are  in  the  form  of  circles 
surrounding  the  wire.  As  you  might  sus¬ 
pect,  the  field  is  strongest  near  the  wire 
and  becomes  weaker  as  the  distance  in¬ 
creases.  Surprisingly,  the  field  strength  is 
inversely  proportional  to  the  distance,  rather 
than  to  the  square  of  the  distance. 

Although  the  magnetic  field  surrounding 
an  electric  current  has  no  poles  —  no  begin¬ 
ning  or  end  —  it  does  have  direction.  The 
direction  of  a  magnetic  field  has  been  de¬ 
fined  as  the  direction  in  which  the  north 
end  of  a  compass  needle  points.  The  series 
of  compass  needles  in  Fig.  9-11  show  the 
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Figure  9-12  The  left-hand  rule  is  a  useful 
one  for  determining  the  direction  of  a  mag¬ 
netic  field  around  a  current.  The  thumb  points 
in  the  direction  of  electron  flow;  the  fingers 
point  in  the  direction  of  the  field  (the  direction 
of  the  force  on  a  N-pole). 


direction  of  the  field  surrounding  a  current. 
The  direction  depends  on  the  direction  in 
which  electrons  flow.  A  useful  way  to  re¬ 
member  this  relationship  is  the  left-hand 
rule,  illustrated  in  Fig.  9-12.  The  thumb 
points  in  the  direction  of  electron  flow 
while  the  other  fingertips  point  in  the  direc¬ 
tion  of  the  force  on  a  north  magnetic  pole. 


Do  It  Now 


Connect  the  ends  of  a  wire  to  a  fresh  No.  6 
dry  cell  as  shown  in  Fig.  9—11.  Before  ex¬ 
ploring  the  magnetic  field  around  the  current, 
predict  its  direction  by  the  left-hand  rule.  Is 
your  prediction  verified?  Reverse  the  connec¬ 
tions  so  that  the  electrons  flow  in  the  opposite 
direction.  Does  the  field  reverse? 

9-11  Current  in  a  loop  of  wire  pro¬ 
duces  a  magnetic  field.  What  happens  to 
the  direction  of  a  field  if  the  straight  wire 
of  Fig.  9-11  is  bent  into  a  circular  loop? 
The  left-hand  rule  is  applied  to  various 
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Figure  9-13  In  a  the  magnetic  fields  surrounding  many  portions  of  the  loop  are  shown. 
Note  that  they  all  provide  a  component  of  a  magnetic  field  from  left  to  right  inside  the  loop. 
As  a  result,  there  is  a  magnetic  field  within  the  loop  as  shown  in  b.  If  the  wire  is  wound 
into  a  coil,  as  in  c,  the  coil  becomes  a  magnet  with  a  N-pole  at  the  right.  The  left-hand 
rule  can  be  modified  to  indicate  the  direction  of  the  field  within  a  current  loop,  as  shown  in 
d.  The  fingers  indicate  the  direction  of  electron  flow,  while  the  thumb  points  in  the  direction 


of  the  resulting  magnetic  field. 

parts  of  a  loop  in  Fig.  &-13a;  you  can  see 
that  the  field  in  each  segment  of  the  loop 
follows  the  same  direction  on  the  inside  of 
the  loop.  Therefore,  a  compass  needle 
placed  in  the  center  of  the  loop,  as  shown 
in  Fig.  9-13b,  points  in  a  direction  per¬ 
pendicular  to  the  plane  of  the  loop.  If  the 
wire  is  coiled,  as  in  Fig.  9-13c,  the  appara¬ 
tus  begins  to  resemble  a  magnet,  with  a 
north  and  a  south  pole.  Although  you  can 
use  the  left-hand  rule  on  each  turn  of  the 
coil  to  find  the  direction  of  the  north  pole 
of  the  electromagnet,  it  is  simpler  to  use 
another  left-hand  rule  in  this  case.  This 
time  the  fingers  point  in  the  direction  of 
electron  flow,  while  the  thumb  indicates 
the  direction  of  the  magnetic  field,  as  shown 
in  Fig.  9-13d. 


A  coil  of  wire  prepared  for  the  purpose 
of  producing  a  magnetic  field  is  called  an 
electromagnet-  Usually  the  coil  is  wound 
on  an  iron  core.  When  the  current  is 
turned  on,  the  magnetic  field  due  to  the 
current  causes  the  core  to  become  magnet¬ 
ized  by  induction.  The  result  is  that  the 
total  magnetic  field  due  to  the  coil  plus  the 
core  is  several  thousand  times  as  great  as 
that  of  the  coil  alone. 

The  strength  of  an  electromagnet  de¬ 
pends  on  the  magnitude  of  the  current, 
the  number  of  turns,  the  diameter  and 
length  of  the  coil,  and  the  material  of  the 
core.  A  material  like  iron,  which  may 
multiply  the  strength  of  the  magnet  by 
1,000  or  more,  is  said  to  have  a  high  relative 
permeability.  Cobalt  multiplies  the  magnet 
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strength  by  about  170;  it  has  a  lower  rela¬ 
tive  permeability  than  iron.  In  general,  the 
relative  permeability  of  a  substance  is  the 
amount  by  which  the  strength  of  an  elec¬ 
tromagnet  is  multiplied  when  the  substance 
is  used  as  a  core.  A  coil  with  many  turns 
of  wire  is  called  a  solenoid. 


Do  It  Now 


Repeat  the  activity  shown  in  Fig.  9-11,  this 
time  using  a  coil  of  a  few  turns  of  wire  rather 
than  a  straight  wire.  Were  you  able  to  predict 
the  direction  of  the  field  within  the  loop? 

9-12  Electromagnets  are  used  to  pro¬ 
duce  mechanical  forces.  By  using  large 
currents  in  many  turns  of  wire  and  core 
materials  of  high  relative  permeability, 
electromagnets  which  exert  great  mechani¬ 
cal  force  on  ferromagnetic  materials  can 
be  made.  Among  the  most  impressive  are 
the  lifting  magnets  used  in  foundries  and 
scrap  iron  yards. 

One  of  the  most  interesting  applications 
of  the  electromagnet  is  a  sucking  coil,  which, 
when  current  exists  in  it,  can  lift  a  piece 
of  unmagnetized  iron  or  steel.  Sucking  coils 
are  used  not  only  for  chimes,  but  also  to 
operate  electrically  controlled  valves  like 
those  in  automatic  washing  machines. 

The  uses  of  electromagnets  mentioned 
so  far  depend  on  the  great  force  they  can 
exert  on  iron  and  steel  objects.  Less  obvi¬ 
ously,  their  usefulness  depends  on  the  ease 
with  which  they  can  be  turned  on  or  off. 
This  characteristic  is  of  great  importance 
in  many  communications  devices. 

A  current  in  a  coil  of  wire  can  be  used 
to  make  artificial  bar  magnets.  If  you  pro¬ 
duce  a  large  current  in  the  coil  and  place 
a  piece  of  steel  within  it,  the  intense  mag¬ 
netic  field  will  align  the  magnetic  domains 
in  the  steel  and  make  it  a  magnet  by  induc¬ 
tion.  A  suitable  alloy  will  retain  its  mag¬ 
netism  indefinitely. 


The  point  was  made  earlier  that  a  per¬ 
manent  magnet  can  be  made  by  bringing  a 
suitable  ferromagnetic  material  under  the 
influence  of  another  magnet.  Now  that  you 
know  more  about  magnetic  fields,  it  is  more 
accurate  to  say  that  the  magnet  is  made  by 
placing  the  material  in  a  magnetic  field. 


Do  It  Now 


You  can  make  a  sucking  coil  as  shown  in  the 
sketch.  Use  40  to  60  turns  of  No.  22  insulated 
wire  wrapped  around  a  short  length  of  6  mm 
glass  tubing.  When  operated  from  a  3-  to  6- 
volt  battery,  this  should  lift  a  short  piece  of 
nail  or  soft  iron  wire  while  current  exists  in  the 
coil. 


1 .  What  is  an  electric  current  in  a  wire? 

2.  What  is  the  source  of  electrons  in  a  current? 

3.  How  can  you  show  that  an  electric  current 
is  surrounded  by  a  magnetic  field? 

4.  Describe  the  magnetic  field  surrounding  an 
electric  current.  Where  are  its  north  and 
south  poles? 

5.  A  magnetic  compass  is  allowed  to  come  to 
rest  in  a  north-south  direction.  A  wire  is 
placed  over  it,  and  connected  so  that  the 
electrons  flow  from  north  to  south.  Will  the 
compass  deflect  clockwise  or  counterclock¬ 
wise  as  seen  from  above? 

6.  A  spool  of  insulated  wire  is  set  with  its  axis 
vertical,  and  a  flow  of  electrons  is  sent 
through  the  wire.  The  direction  of  electron 
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flow,  as  seen  from  above,  is  counterclock¬ 
wise.  In  which  direction  is  the  magnetic 
field  inside  the  coil? 

7.  A  solenoid  is  made  by  winding  turns  of  wire 
around  a  glass  cylinder  5  cm  in  diameter. 
Without  changing  the  size  of  the  cylinder, 
name  three  ways  in  which  the  field  inside 
the  cylinder  can  be  made  more  intense. 

8.  What  are  some  practical  applications  of  the 
ability  of  electromagnets  to  produce  mechan¬ 
ical  force? 


Discussion  Questions 


1 .  How  does  it  happen  that  the  rule  for  the  di¬ 
rection  of  magnetic  field  around  a  moving 


charge  is  the  same  as  that  for  the  magnetic 
field  around  a  current  in  a  wire? 

2.  A  strong  bar  magnet  has  a  hole  drilled 
through  the  center.  A  straight  conductor  is 
inserted  through  the  hole  and  insulated  from 
the  magnet.  The  magnet  is  free  to  rotate 
with  the  wire  as  the  center  of  rotation.  If 
there  is  an  intense  current  in  the  wire,  would 
you  expect  the  magnet  to  rotate?  Explain. 

3.  If  there  were  such  a  thing  as  an  isolated 
magnetic  pole,  how  would  you  expect  it  to 
behave  in  the  vicinity  of  a  conductor  with 
an  intense  current? 

4.  What  is  the  direction  of  a  magnetic  field  due 
to  electrons  in  a  television  picture  tube? 
(These  electrons  leave  the  back  end  of  the 
tube,  travel  its  length,  and  strike  the  picture 
end  of  the  tube  from  the  inside.) 


Moving  Electric  Charges  Underlie  Magnetism 


9-13  A  magnetic  field  surrounds  any 
moving  charge.  You  have  seen  that  an 
electric  current  in  a  wire  is  surrounded  by 
a  magnetic  field.  Since  an  electric  current 
consists  of  moving  charges,  you  might  ask, 
“Will  any  moving  charge  produce  a  mag¬ 
netic  field,  even  if  the  charge  is  not  in  a 
wire?”  Figure  9-14  illustrates  an  imagi¬ 
nary  experiment  that  could  answer  the 
question.  You  fire  a  bullet  possessing  a 
large  electric  charge  above  a  magnetic 

Figure  9-14  In  this  imaginary  experiment  a  bullet 
with  a  large  negative  charge  was  fired  directly 
over  a  magnetic  compass.  Before  the  shot  was 
fired,  the  needle  was  parallel  to  the  bullet  path,  as 
shown  by  the  dotted  lines.  However,  the  magnetic 
field  surrounding  the  moving  charge  caused  the 
needle  to  shift  to  a  position  at  right  angles  to  the 
direction  of  motion  of  the  charged  bullet. 


compass.  Here  is  a  moving  charge,  and  if 
it  produces  a  magnetic  field,  the  compass 
needle  will  be  deflected. 

The  charged  bullet  experiment  would  be 
difficult  to  perform,  but  physicists  have  dis¬ 
covered  how  to  shoot  electrons  through 
highly  evacuated  tubes,  and  they  find  that 
these  moving  electrons  do  produce  a  mag¬ 
netic  field,  which  can  be  detected  outside 
the  tube.  A  moving  charge,  in  a  wire  or  not, 
is  surrounded  by  a  magnetic  field. 
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Do  It  Now 


(WARNING  —  An  oscilloscope  is  a  delicate 
instrument.  If  not  carefully  handled,  it  is  also 
dangerous;  it  can  give  you  a  severe  electric 
shock.  This  activity  should  be  done  only  under 
teacher  supervision.) 

With  the  approval  of  your  instructor,  remove 
the  housing  from  an  oscilloscope.  Adjust  con¬ 
trols  so  that  a  single  spot  is  produced  on  the 
screen.  Now  bring  a  pole  of  a  magnet  near 
the  neck  of  the  tube.  Does  the  magnet  have 
any  effect  on  the  electron  stream?  Does  this 
indicate  that  moving  electrons  are  surrounded 
by  magnetic  fields? 

9-14  Moving  electric  charges  pro¬ 
duce  magnetism.  In  1820  Andre  Ampere 
suggested  that  the  basic  cause  for  mag¬ 
netism  might  be  found  in  the  movement 
of  charged  particles  within  the  atom.  Of 
course,  the  techniques  of  that  day  were 
hopelessly  incapable  of  testing  such  a  hy¬ 
pothesis.  Within  the  last  few  decades,  how¬ 
ever,  more  and  more  evidence  indicates  that 
this  is  indeed  the  case.  Surely  there  is  an 
abundance  of  charged  particles  within  the 
atom.  Can  their  movement  account  for  the 
magnetic  behavior  of  matter? 

Electrons  move  in  elliptical  orbits  around 
the  nuclei  of  atoms.  This  movement  of 
electrons  constitutes  electric  current  in  a 
loop  and  therefore  produces  a  magnetic 
field  within  the  loop.  In  addition,  there  is 
evidence  that  each  electron  rotates  on  its 
axis.  A  spinning  electron  is  a  charge  in 
motion  and  therefore  also  creates  a  mag¬ 
netic  field.  In  every  atom  twice  as  many 
magnetic  fields  exist  as  electrons,  since  each 
electron  produces  two  fields,  one  for  orbital 
motion  and  one  for  spin. 

In  most  atoms  the  various  fields  cancel 
each  other  out  because  they  are  lined  up 
in  random  directions.  In  ferromagnetic 
materials,  however,  the  fields  do  not  cancel 
each  other  entirely.  Each  iron  atom  has 
four  electrons  whose  spin-magnetism  is  un¬ 
canceled.  While  the  motion  of  electrons  in 
their  orbits  may  account  for  some  of  the 


magnetism  of  ferromagnetic  materials,  the 
spin  seems  to  be  much  more  important. 

The  nucleus  of  an  atom  also  spins,  and 
since  the  nucleus  contains  positive  charges, 
a  magnetic  field  is  created,  but  the  effect 
is  so  small  that  it  is  not  noticeable  for  any 
reasonable  quantity  of  matter. 

So  strong  is  the  field  of  each  atom  that 
in  magnetic  materials,  interaction  among 
adjacent  atoms  causes  large  clusters  of  them 
to  line  up  their  magnetic  axes  parallel  to 
each  other.  These  are  the  magnetic  do¬ 
mains  referred  to  on  p.  219. 

9-15  The  earth  has  a  magnetic  field. 

What  makes  a  suspended  magnet  point 
north  and  south?  The  simplest  theory  is 
that  the  earth  itself  is  a  magnet  and  that 
the  compass  needle  is  demonstrating  the 
law  of  magnets.  However,  the  earth  is  not 
a  magnetized  chunk  of  iron,  like  a  bar 
magnet.  It  has  an  outer  rocky  mantle  about 
1800  miles  deep.  Below  that  is  the  liquid 
part  of  the  core,  about  1300  miles  thick, 
surrounding  the  solid  center.  Scientists  be¬ 
lieve  that  motion  of  charges  in  the  liquid 
part  of  the  core  create  the  earth’s  magnetic 
field.  Because  of  its  great  size,  the  speed 
of  moving  charges  in  such  a  loop  need  only 
be  of  the  order  of  magnitude  of  2  X  10~4 
m/sec.  What  kind  of  charges  exist  in  the 
core?  What  keeps  them  moving?  At  pres¬ 
ent  these  are  questions  for  which  scientists 
have  no  final  answer. 

Movements  of  charged  particles  in  the 
earth’s  atmosphere  also  contribute  slightly 
to  earth  magnetism.  Variations  in  the 
movements  of  charges  within  and  around 
the  earth  cause  both  regular  and  irregular 
variations  in  earth  magnetism. 

The  variations  in  earth  magnetism  from 
place  to  place  and  from  time  to  time  make 
it  impossible  to  pick  a  small  spot  and  say, 
“This  is  the  location  of  the  magnetic  pole 
of  the  earth.”  However,  in  the  Arctic  region 
of  North  America  there  is  an  area  in  which 
a  magnetic  compass  needle  points  almost 
straight  down.  Therefore  this  area  is  called 
the  North  Magnetic  Polar  Area.  In  the 


Distribution  of  magnetic  declination  in  Canada  for  1960. 


Figure  16—15  The  curved  lines  on  this  map  connect  places  where  the  compass  declination 
is  the  same.  They  are  called  isogonic  lines. 


southern  hemisphere  there  is  a  similar 
South  Magnetic  Polar  Area. 

A  magnetic  compass  needle  points  in  the 
direction  of  the  earth’s  magnetic  field.  In 
general,  this  is  a  north-south  direction,  but 
because  the  earth’s  field  is  irregular  and 
not  centered  at  the  geographic  poles,  there 
is  usually  a  difference  between  compass 
direction  and  true  north.  The  angle  be¬ 
tween  the  two  is  called  the  angle  of  de¬ 
clination,  or  angle  of  variation  (Fig.  9-15). 


Do  It  Now 


Use  a  compass  outdoors  to  determine  mag¬ 
netic  north.  Compare  this  direction  with  true 
north  as  indicated  by  the  North  Star  or  by 


accurate  local  maps.  How  does  this  compari¬ 
son  check  with  magnetic  variation  where  you 
live?  Obtain  information  about  magnetic  varia¬ 
tion  from  a  local  airfield. 

9-16  How  good  is  the  theory?  People 
once  thought  that  magnetism  and  electricity 
were  two  quite  different  things.  Today  it  is 
known  that  an  electromagnet  can  be  made 
by  sending  current  through  a  coil  of  wire. 
Scientists  believe  that  the  magnetism  of 
a  permanent  magnet  can  be  accounted  for 
by  the  motion  of  charges  in  the  atoms,  and 
that  the  earth’s  magnetism  results  from  the 
motion  of  charges  inside  the  earth  and  in 
the  atmosphere  above  it.  Hence  magnetism 
appears  to  be  merely  a  consequence  of 
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the  motion  of  charged  particles  and  not  a 
fundamental  phenomenon  of  nature. 

The  idea  that  all  magnetic  effects  are 
produced  by  charges  in  motion  is  a  theory. 
The  theory  is  a  good  one.  Not  only  does 
it  provide  an  explanation  that  agrees 
with  observed  facts,  but  it  is  simpler  than 
any  other  theory  that  has  been  suggested. 
When  more  than  one  theory  agrees  with 
the  facts,  scientists  prefer  to  choose  the 
simplest  one. 

The  final  test  of  a  good  theory  is  its 
ability  to  predict  what  will  happen  in 
new  situations  and  its  continuing  ability  to 
agree  with  newly  discovered  facts.  Sci¬ 
entists  of  today  are  investigating  problems 
that  involve  using  the  theory  of  magnetism. 
What  gives  cosmic  ray  particles  their  great 
energy?  What  causes  the  northern  lights? 
Why  are  there  belts  of  intense  radiation 
around  the  earth?  Perhaps  when  these 
questions  are  answered  satisfactorily,  there 
may  be  changes  in  the  theory  of  magnetism, 
but  to  date  all  observations  seem  to  support 
it. 


Self  Check 


1 .  If  you  fire  a  negatively  charged  bullet  and 
watch  it  recede,  what  is  the  direction  of  the 
magnetic  field  which  surrounds  it?  What  if 
the  bullet  bears  a  positive  charge? 

2.  If  you  charge  a  large,  flat,  plastic  top  nega¬ 
tively,  in  what  direction  will  the  magnetic 
field  be  if  the  top  spins  horizontally,  clock¬ 
wise  as  seen  from  above?  What  if  the  top 
were  charged  positively? 

3.  What  two  types  of  motion  within  the  atom 
contribute  largely  toward  the  magnetic 
properties  of  atoms?  Which  is  more  im¬ 
portant? 

4.  If  motions  within  the  atom  can  account  for 
the  magnetic  properties  of  atoms,  why  are 
not  all  materials  magnetic? 

5.  What  is  believed  to  be  the  major  cause  of 
the  earth’s  magnetism? 

6.  What  is  believed  to  be  the  cause  of  all  mag¬ 
netic  phenomena? 


Discussion  Questions 


1 .  Is  the  North  Magnetic  Pole  Area  a  N-pole 
or  a  S-pole?  Explain. 

2.  A  student  finds  that  a  magnetic  compass 
points  in  different  directions  when  he  places 
it  in  different  positions  on  a  table.  Can  you 
think  of  an  explanation? 

3.  Iron  pipes,  steel  girders,  and  other  large 
steel  objects  which  remain  stationary  usu¬ 
ally  acquire  a  distinct  magnetic  polarity. 
Explain. 

4.  What  fact  or  facts  about  magnetism  have 
not  been  explained  by  the  theories  described 
in  this  chapter? 


Chapter 

Summary 


Magnets  attract  ferromagnetic  materials, 
which  include  iron,  nickel,  and  cobalt,  and 
some  of  their  alloys  and  compounds.  Para¬ 
magnetic  materials  are  weakly  magnetic,  and 
diamagnetic  materials  are  repelled  by  magnets. 
Magnets  have  two  kinds  of  poles,  usually  called 
north  and  south.  Like  poles  repel  each  other; 
unlike  ones  attract  each  other.  The  force  be¬ 
tween  magnetic  poles  is  directly  proportional 
to  the  product  of  the  strengths  of  the  poles  and 
inversely  proportional  to  the  square  of  the  dis¬ 
tance  between  them.  A  permanent  magnet  is 
made  when  a  suitable  ferromagnetic  material  is 
put  into  a  strong  magnetic  field. 

A  magnet  is  surrounded  by  a  magnetic  field, 
extending  theoretically  to  infinity.  The  strength 
of  the  field  decreases  rapidly  as  the  distance 
from  the  magnet  increases.  If  another  magnet 
is  placed  in  the  field,  it  experiences  a  mechan¬ 
ical  moment.  The  direction  of  a  magnetic  field 
at  any  point  is  the  direction  of  the  force  on  a 
north  pole  at  that  point.  Magnetic  fields  are 
continuous. 

According  to  modern  theory,  atoms  of  mag¬ 
netic  substances  are  individual  magnets,  mil¬ 
lions  of  which  are  lined  up  together  to  form 
microscopic  domains.  The  substance  is  mag- 
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netized  when  its  domains  are  lined  up  with 
their  fields  parallel. 

An  electric  current  in  a  wire  consists  of  a 
flow  of  free  electrons.  Every  electric  current  is 
surrounded  by  a  magnetic  field.  The  direction 
of  this  field  can  be  found  by  using  the  left-hand 
rule.  An  electric  current  in  a  coil  of  wire  pro¬ 
duces  a  magnetic  field  along  the  axis;  the 
direction  of  the  field  can  be  found  by  appli¬ 
cation  of  the  left-hand  rule.  The  strength  of 
the  field  depends  on  the  size  of  the  current, 
the  length  of  the  coil,  the  number  of  turns,  and 
the  relative  permeability  of  the  core.  Electro¬ 
magnets  are  used  to  produce  mechanical  forces. 
The  magnetic  field  around  a  current  is  em¬ 
ployed  to  make  modern  permanent  magnets. 

All  moving  charges  produce  magnetic  fields, 
even  when  they  are  individual  charges  in  space. 
Moving  charges  within  the  atom  produce  the 
magnetic  character  of  matter;  moving  charges 
within  the  liquid  part  of  the  earth’s  core  are 
believed  to  be  the  principal  cause  of  terrestrial 
magnetism.  All  magnetic  phenomena  can  be 
explained  in  terms  of  the  magnetic  fields  pro¬ 
duced  by  moving  electric  charges. 


Vocabulary- 

magnetism  ( p.216 ) 
ferromagnetic 

(p.216) 

paramagnetic 

(p.216) 

diamagnetic  (p.216) 
north  pole  (p.  216) 
south  pole  (p.216) 
law  of  magnets 
(p.  217) 
magnetic  field 

(p.  218,  224,  227) 
line  of  force 
(p.  219) 

magnetic  domains 
(p.  219,  220) 
magnetizing  by 
induction  (p.  222) 


electric  current 
(p.223) 
free  electrons 
(p.223) 
left-hand  rules 
(p.224,  225) 
electromagnet 
(p. 225) 

relative  permeability 
(p. 226) 

solenoid  (p.  226) 
orbiting  electrons 

(p. 228) 

electron  spin  (p.  228) 
angle  of  variation, 
of  declination 
(p. 229) 


Discussion  Questions 

1 .  If  you  had  two  apparently  identical  bars  of 
steel,  one  a  permanent  magnet,  the  other 
unmagnetized,  and  had  no  other  equipment, 
how  could  you  tell  which  is  magnetic? 


2.  What  is  the  difference  between  a  permanent 
magnet  and  a  completely  magnetized  piece 
of  iron? 

3.  How  would  you  state  a  rule  for  determining 
the  direction  of  magnetic  field  around  a 
moving  positive  charge? 

4.  If  there  were  such  a  thing  as  an  isolated 
magnetic  pole,  how  would  you  expect  it  to 
behave  in  the  vicinity  of  an  air-core  sole¬ 
noid? 

5.  An  air-core  solenoid  has  N-magnetism  at  one 
end  and  S-magnetism  at  the  other.  Does 
this  mean  that  the  field  produced  by  the 
solenoid  has  a  beginning  and  an  end? 

6.  It  sometimes  is  said  that  a  magnetic  com¬ 
pass  above  a  magnetic  pole  simply  spins  on 
its  axis.  From  what  you  know  of  magnetism, 
what  is  your  reaction  to  this  statement? 

7.  Would  you  agree  with  the  statement  that 
all  magnets  are  electromagnets?  Why? 


Work  on  Your  Own 

1 .  Study  the  history  of  the  study  of  magnet¬ 
ism.  Suggested  references:  Gilbert,  William, 
De  Magnete,  Dover.  William  Gilbert  was 
one  of  the  first  to  study  magnets.  He  wrote 
this  book  in  Latin  about  1600.  It  has  been 
translated  into  English  and  makes  very  in¬ 
teresting  reading. 

Taylor,  Lloyd  W.,  Physics,  the  Pioneer 
Science,  Houghton  Mifflin,  1941. 

Bitter,  Francis,  Magnets:  The  Education  of 
a  Physicist,  Doubleday,  1959. 

2.  Use  a  reasonably  powerful  permanent  mag¬ 
net  to  explore  dry  garden  soil.  Are  there 
any  components  of  the  soil  which  are  at¬ 
tracted  by  the  magnet?  Do  you  think  such 
materials  are  iron  or  compounds  of  iron? 
Could  you  devise  a  chemical  test  to  con¬ 
firm  your  suspicion? 

3.  Are  there  any  alloys  of  metal  which  are 
magnetic  in  spite  of  their  names,  or  which 
are  nonmagnetic  even  though  their  names 
suggest  that  they  are  magnetic?  (Sugges¬ 
tion:  consider  noncorrosive  alloys,  nickel 
alloys,  and  various  kinds  of  stainless  steel.) 

4.  Examine  a  telephone  receiver  (earphone)  or 
the  speaker  unit  from  a  radio  or  a  record 
player.  Is  there  evidence  that  these  devices 
involve  permanent  magnets? 
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Courtesy  of  Dickinson  College,  Carlisle,  Pennsylvania. 

This  battery  was  constructed  in  1800  by  Alessandro  Volta  and  was  eventually  presented  by 
him  to  Joseph  Priestley.  It  is  now  in  the  museum  of  Dickinson  College,  Carlisle,  Pennsylvania. 


Imagine  you  are  a  laboratory  assistant  to  Professor  Alessandro  Volta  at  the 
University  of  Pavia  in  Italy  in  the  year  1  800.  You  may  see  him  demonstrate 
a  simple  electric  cell  using  copper,  zinc,  and  salt  water.  Possibly  you  help 
him  set  up  one  of  his  famous  “Volta-piles”  —  a  stack  of  disks  of  silver  and 
zinc  separated  by  salt-soaked  pads.  With  these  he  gives  curious  observers 
a  tingling  electric  shock. 

In  1  800  you  would  have  seen  the  dawn  of  a  brand  new  age  —  the  age  of 
electric  current.  Volta's  discovery  of  the  electric  battery  paved  the  way  for  a 
long  series  of  physical  and  chemical  experiments.  These  led  to  today's  com¬ 
plex  and  varied  electric  circuits.  Furthermore,  the  use  of  electric  batteries 
opened  up  many  other  lines  of  scientific  investigation.  It  is  small  wonder  that 
scientists  have  named  one  of  electricity's  most  fundamental  units  —  the  volt  — 
after  the  Italian  physics  professor. 

In  this  chapter  you  will  study  electric  currents,  electric  energy,  and  electric 
circuits. 


Electric  Currents 


10-1  Electrons  move  through  wires 
from  negative  to  positive.  In  Chapter  9 
you  learned  that  an  electric  current  in  a  wire 
consists  of  a  flow  of  electrons.  From  what 
you  know  about  the  forces  of  attraction  and 
repulsion  of  electric  charges,  it  is  obvious 
that  electrons  move  through  a  wire  from  its 
negative  end  toward  its  positive  end,  as  was 
shown  in  Fig.  9-11.  All  this  would  be 


simple  and  straightforward  if  it  were  not 
for  a  historical  accident. 

Early  experimenters  with  electricity  theo¬ 
rized  that  an  electric  current  was  made  up  of 
something  moving.  In  the  eighteenth  cen¬ 
tury  a  successful  printer  named  Benjamin 
Franklin  became  interested  in  electricity  and 
did  much  basic  research  in  the  field.  He  sug¬ 
gested  that  there  was  only  one  kind  of  elec- 
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tricity.  When  an  object  had  more  than  a 
normal  supply,  Franklin  proposed  i*  be 
called  positive  ;  if  the  object  had  less  than 
a  normal  supply,  he  called  it  negative  . 
Logically,  then,  Franklin’s  electricity  flowed 
from  a  region  of  excess  to  one  of  scarcity  — 
from  positive  to  negative. 

The  idea  that  the  direction  of  a  current 
was  from  positive  to  negative  became  wide¬ 
spread  because  the  concept  of  electrons  was 
not  formed  until  the  end  of  the  nineteenth 
century.  Some  textbooks  still  refer  to  cur¬ 
rent  direction  in  this  way;  this  is  termed 
“conventional  current.”  However,  all  phys¬ 
icists  agree  that  currents  in  wires  consist 
of  a  flow  of  electrons  from  negative  to  posi¬ 
tive.  Throughout  this  book,  references  to 
current  direction  in  wires  will  be  in  the 
modern  and  accurate  sense  —  electrons 
flowing  from  negative  to  positive. 

10-2  Electrons  move  through  wires 
slowly.  When  a  switch  in  an  electric  light 
circuit  is  closed  and  the  circuit  completed, 
the  lamp  appears  to  glow  immediately. 
This  suggests  that  electricity  travels  with 
infinite  speed. 

Now  imagine  a  circuit  with  a  switch  in 
St.  John’s,  Nfld.  and  an  electric  lamp  in  Van¬ 
couver,  B.C.,  some  3000  miles  away.  When 
the  switch  is  closed,  electrons  are  flowing 
through  the  lamp  within  a  small  fraction  of 
a  second.  Actually,  electric  energy  is  trans¬ 
mitted  over  conductors  at  a  speed  approach¬ 
ing  the  speed  of  light. 

Electrons  themselves,  however,  do  not 
move  at  the  speed  of  light  in  an  ordinary 
circuit.  In  the  typical  household  circuit, 
electrons  do  not  exceed  an  average  speed 
of  a  centimeter  or  so  per  second.  At  this 
rate  it  would  take  years  for  a  particular 
electron  to  drift  across  the  transcontinental 
circuit.  The  situation  is  similar  to  a  mile- 
long  freight  train  starting  up  from  a  stand¬ 
still.  Within  a  few  seconds  the  slack  has 
been  taken  out  of  the  train  and  the  caboose 


is  actually  moving.  If  this  surge  of  motion 
is  felt  by  the  caboose  in  10  sec,  the  surge 
velocity  is 

s  1  mi  1  mi 

t  1  /6  min  1  /360  hr 

=  360  mi/hr 

If  the  train  is  heavily  loaded,  however,  it 
might  take  15  min  for  any  one  car  to  move 
1  mi.  In  this  case  the  car  velocity  vc  is 

S  1  mi  1  mi 


This  comparison  indicates  how  the  elec¬ 
trons  in  an  electric  current  may  move  at  a 
very  low  speed,  while  the  surge  of  electric 
energy  is  vastly  greater. 

10-3  Electric  energy  can  flow  through 
liquids  and  gases.  In  this  discussion  elec¬ 
tric  current  has  been  described  as  a  flow 
of  electrons.  This  is  true  of  electric  energy 
flowing  in  solid  materials.  However,  elec¬ 
tric  energy  often  flows  through  liquids  and 
gases,  too.  In  these  cases,  the  flow  of  elec¬ 
tric  energy  consists  of  negative  ions  (often 
electrons  themselves)  flowing  in  one  direc¬ 
tion,  and  positive  ions  —  protons,  for  ex¬ 
ample —  moving  in  the  opposite  direction. 
( See  Chapter  4  for  more  information  about 
ions.)  In  hydrogen  gas,  for  example,  an 
electron  may  be  removed  from  an  atom 
and  move  toward  the  positive  terminal  of 
a  gas-discharge  tube,  as  in  Fig.  10-1.  In 
this  case,  the  remainder  of  the  atom  is  a 
proton.  Because  of  its  positive  charge,  it 
moves  toward  the  negative  electrode.  The 
hydrogen  gas  has  been  ionized. 

Most  gases  can  be  ionized  under  proper 
conditions.  One  or  more  electrons  are  re¬ 
moved  from  the  atom,  converting  the  re¬ 
mainder  into  a  positive  ion. 

Many  solutions  are  ionized.  For  example, 
a  solution  of  common  table  salt,  NaCl,  is 
actually  a  mixture  of  Na+  ions  and  Cl- 
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Figure  10-1  This  gas-discharge  tube  contains  hydrogen  gas  at  very  low  pressure.  The 
gas  is  ionized,  so  electrons  are  free  to  move  away  from  the  remainder  of  the  atom  —  in 
this  case,  protons.  Electrons  move  much  more  rapidly  than  protons. 


ions  in  water.  In  solution  each  molecule  of 
sulfuric  acid,  H2S04,  ionizes  into  two  hydro¬ 
gen  ions  ( actually  protons )  and  one  sulfate 
ion,  S04~~.  An  ionized  solution  is  called  an 

electrolyte. 

10-4  Moist  earth  conducts  electric  cur¬ 
rent.  Nearly  all  ordinary  soil  contains  con 
siderable  quantities  of  water.  Further¬ 
more,  this  water  contains  dissolved  mineral 
matter,  and  much  of  this  is  ionized.  As  a 
result,  moist  earth  conducts  an  electric  cur¬ 
rent  moderately  well.  This  is  important  in 
the  understanding  of  many  electric  circuits, 
and  also  for  reasons  of  personal  safety. 

Moist  earth  is  commonly  used  as  a  substi¬ 
tute  for  one  of  the  two  wires  in  a  simple 
telephone  circuit.  For  safety  it  is  important 
to  remember  that  of  the  two  wires  of  every 
household  electric  circuit,  one  is  deliberately 
and  firmly  connected  to  moist  earth;  that  is, 
it  is  grounded.  If  you  handle  the  “live’  or 
ungrounded  wires  or  defective  appliances 
while  standing  on  moist  earth  or  concrete, 
or  have  your  hand  touching  a  water  pipe, 
you  may  become  a  part  of  the  circuit  and 
receive  a  painful  or  fatal  shock.  The  best 
precaution,  of  course,  is  not  to  handle  “live” 
electric  wires  or  defective  appliances.  As 
an  added  safety  measure,  do  not  make  even 
minor  electrical  repairs  unless  you  have 
disconnected  the  circuit. 


Do  It  Now 


If  an  ohmmeter  is  available,  use  it  to  measure 
the  resistance  of  moist  earth.  To  do  this,  drive 
two  metal  stakes  into  the  ground  a  few  feet 
apart,  and  measure  the  resistance  between 
the  two  stakes.  Make  further  tests  by  varying 
the  length  of  the  stakes  or  the  distance  be¬ 
tween  them  and  by  testing  different  kinds  of 
soil. 

10-5  Some  materials  conduct  electrons 
better  than  others.  When  electric  current 
exists,  no  atom  is  left  with  too  few  or  too 
many  electrons  for  any  great  period  of  time. 
A  free  electron  lost  from  one  atom  is  re¬ 
placed  by  another  electron  from  a  nearby 
atom.  But,  as  you  learned  in  Chapter  4, 
not  all  atoms  and  molecules  possess  free 
electrons  which  can  drift  in  this  manner. 
Those  which  have  many  free  electrons  and 
therefore  permit  easy  drifting  of  electrons 
from  one  atom  to  another  are  good  con¬ 
ductors-  Those  which  have  very  few  free 
electrons  to  drift  are  insulators- 

Because  the  metal  element  copper  is  a 
good  conductor,  is  not  too  expensive,  and 
also  because  it  can  be  easily  soldered,  it  is 
the  most  commonly  used  material  for  elec¬ 
tric  wires.  Copper  wire  often  has  a  white  or 
s'lvery  appearance.  This  is  because  it  is 
sometimes  coated  with  tin  or  alloyed  with 
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other  metals.  One  result  of  this  is  to  make 
the  treated  wire  easier  to  solder. 

Nearly  all  metals  are  relatively  good  con¬ 
ductors,  and  most  nonmetals  are  quite  poor 
ones.  A  few  of  the  familiar  metals,  listed 
with  the  better  conductors  first,  are:  silver, 
copper,  gold,  aluminum,  zinc,  tungsten, 
brass,  iron,  tin,  and  steel. 

Many  common  materials  are  very  poor 
conductors  of  electrons.  Typical  examples 
of  such  insulators  are  rubber,  glass,  mica, 
dry  cloth,  paraffin,  dry  air,  most  oils,  cellu¬ 
loid,  and  distilled  water. 

It  is  a  mistake  to  think  of  all  materials  as 
being  either  conductors  or  insulators.  It  is 
more  accurate  to  think  of  conductors  as  con¬ 
ducting  electrons  very  well  and  insulators 
as  doing  so  very  poorly.  Another  way  of 
putting  this  is  to  say  that  conductors  offer 
very  little  resistance  to  the  flow  of  electrons, 
while  insulators  offer  very  great  resistance. 
Between  these  two  extremes  are  many  com¬ 
mon  materials  which  offer  moderate  resist¬ 
ance  to  the  flow  of  electric  charge. 


Self  Check 


1.  Under  what  conditions  can  an  electric  cur¬ 
rent  be  defined  as  a  flow  of  electrons? 


2.  When  an  electric  current  is  something  more 
than  this  electron  flow,  what  is  it? 

3.  Distinguish  between  current  as  electron  flow 
and  “conventional  current.”  How  did  this 
confusing  situation  occur? 

4.  How  can  a  surge  of  electric  energy  travel 
at  speeds  approaching  the  velocity  of  light, 
while  the  electrons  themselves  drift  along 
at  only  a  few  centimeters  per  second? 

5.  Why  is  it  misleading  to  think  of  materials  as 
falling  into  two  distinct  classes:  conductors 
and  insulators?  What  is  a  better  way  to 
interpret  variations  in  ability  to  conduct? 

6.  What  does  it  mean  to  say  that  a  wire  is 
grounded? 

7.  What  is  the  difference  between  an  atom  of 
a  given  element  and  an  ion  of  the  same 
element? 


Discussion  Questions 


1.  It  has  been  stated  that  Volta’s  development 
of  the  chemical  electric  cell  marked  the 
opening  of  the  age  of  electric  current.  How 
would  you  uphold  the  argument  that  there 
were  essentially  no  electric  circuits  before 
that  time?  Can  you  find  any  exceptions  to 
this  argument? 

2.  Explain  why  it  is  that  the  earth  itself  con¬ 
stitutes  a  serious  safety  hazard. 


Measuring  Electric  Currents 


Since  current  is  electron  flow,  a  simple 
system  for  measuring  current  would  be 
counting  electrons.  Although  this  method 
has  the  appeal  of  simplicity,  it  is  impractical 
because  electrons  are  so  difficult  to  count. 
Furthermore,  the  numbers  of  electrons  in¬ 
volved  in  common  currents  are  fantastically 
large.  For  example,  an  ordinary  flashlight 
lamp  has  about  three  billion  billion  elec¬ 
trons  passing  a  given  point  per  second! 


10-6  Electric  currents  produce  forces 
on  each  other.  Figure  10-2  illustrates  a 
simple  experiment  which  you  can  do  at 
school  or  at  home.  The  two  hanging  wires 
are  arranged  so  that  they  possess  intense 
electric  currents  either  in  the  same  direc¬ 
tion  or  in  opposite  directions.  When  you  try 
this,  you  will  see  that  when  the  currents  are 
in  the  same  direction,  the  wires  attract  one 
another.  When  the  currents  are  in  opposite 
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Figure  10—2  Two  wires  are  fastened  together  at  each  end  and  bent,  so  that  they  are 
parallel  for  about  50  cm  and  are  about  1  cm  apart.  When  the  switch  is  closed,  the  two 
wires  move  together  slightly.  If  the  circuit  is  changed  so  that  the  two  currents  in  the  wires 
are  in  opposite  directions,  the  wires  move  apart. 


directions,  the  wires  repel.  Actually,  this  is 
a  magnetic  effect  and  takes  place  because 
every  electric  current  is  surrounded  by  a 
magnetic  field. 

The  diagram  in  Fig.  10-3  shows  how  the 
two  parallel  currents  exert  a  force  on  each 
other.  The  fields  surrounding  the  two  cur¬ 
rents  are  circular,  following  the  left-hand 
rule  (p.  224).  Here  they  are  drawn  as 
though  they  contained  a  series  of  small 
permanent  bar  magnets.  When  the  two 
currents  are  in  the  same  direction,  adjacent 
bar  magnets  have  unlike  poles  next  to  each 
other  and  therefore  attract.  This  accounts 
for  the  force  pulling  the  two  conductors  to¬ 


gether.  If  the  currents  are  in  opposite  di¬ 
rections,  the  force  between  the  conductors 
is  one  of  repulsion. 

Needless  to  say,  the  field  surrounding  a 
current  does  not  consist  of  tiny  bar  mag¬ 
nets,  and  the  diagram  of  Fig.  10-3  is  not  to 
be  interpreted  literally.  However,  it  does 
make  the  forces  between  electric  currents 
more  understandable.  Also  it  helps  you  to 
remember  that  currents  in  the  same  direc¬ 
tion  attract  each  other,  and  currents  in  op¬ 
posite  directions  repel.  The  force  between 
two  such  conductors  in  air  depends  on  the 
magnitude  of  the  currents,  the  length  of  the 
conductors,  and  the  distance  between  them. 


Figure  10-3  These  diagrams  will  help  you 
to  understand  the  forces  existing  between 
conductors  with  electric  currents.  Currents 
in  the  same  direction  attract,  while  those 
in  opposite  directions  repel.  The  small 
circles  represent  cross-sections  of  wires  that 
are  perpendicular  to  the  page.  A  dot 
means  that  electrons  are  coming  up  the 
wire  toward  you;  a  cross  means  that  they 
are  moving  into  the  page. 
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Do  It  Now 


Prepare  a  coil  of  fairly  stiff  copper  or  brass 
wire  by  wrapping  the  wire  around  a  cylinder 
3-5  cm  in  diameter.  As  a  result  you  should 
have  a  loose- wound  “spring”  of  10-15  turns 
and  15-20  cm  long.  Suspend  this  by  one  end 
and  arrange  it  so  that  the  other  end  dips  into 
a  vessel  of  mercury.  Now  connect  an  auto¬ 
mobile  storage  battery  so  that  it  produces  a 
current  in  the  spring.  Does  the  spring  react? 
If  you  experiment  patiently,  you  can  prepare 
a  startling  demonstration.  The  coil  will  con¬ 
tract  due  to  current  and  thus  lift  its  lower  end 
out  of  the  mercury.  Explain  the  operation  of 
this  device. 

10-7  The  ampere  is  defined  in  me¬ 
chanical  terms.  The  forces  between  electric 
currents  provide  a  useful  way  to  establish  a 
unit  of  current.  Indeed,  it  is  so  useful  that 
it  constitutes  the  scientific  definition  of  the 
ampere  used  by  the  International  Commit¬ 
tee  for  Weights  and  Measures  and  is  ac¬ 
cepted  as  the  legal  standard  in  most  civil¬ 
ized  nations.  The  ampere  (A)  may  be 
defined  as  that  constant  current  which,  if 
present  in  each  of  two  very  long  conductors 
one  meter  apart  in  empty  space,  produces  a 
force  of  2  X  10  ~ 7  newton  for  each  meter  of 
length. 

In  practice,  the  “very  long  conductors”  are 
actually  carefully  wound  coils  of  wire.  At 
Standards  Laboratories  around  the  world 
measurements  of  this  type  are  made  with 
painstaking  care.  Conductors  are  kept  at  a 
constant  temperature  by  a  water  jacket  and 
in  a  glass  case  to  avoid  air  currents.  Adjust¬ 
ments  are  made  by  remote  control,  and  ob¬ 
servations  are  made  through  telescopes. 

10-8  The  coulomb  is  defined  in  terms 
of  the  ampere.  The  fundamental  unit  of 
electric  current  —  the  ampere  —  provides 
a  useful  method  of  defining  a  quantity  of 
charge  more  conveniently  than  by  counting 


electrons.  When  an  ampere  of  current  ex¬ 
ists  in  a  circuit,  there  is  during  each  second 
one  coulomb  of  charge  passing  a  given 
point  in  a  circuit.  Expressed  in  equation 
form: 

Q  =  It. 

where  Q  is  charge  in  coulombs,  I  is  cur¬ 
rent  in  amperes,  and  t  is  time  in  seconds. 
Thus  a  coulomb  is  an  ampere  •  second. 

The  coulomb  is  named  in  honor  of  Charles 
A.  Coulomb  (see  p.  84),  who,  during  the 
latter  half  of  the  eighteenth  century,  car¬ 
ried  on  fundamental  experiments  about  the 
behavior  of  electrically  charged  objects. 
The  quantity  of  charge  in  one  coulomb  is 
equal  to  that  of  6.24  X  1018  electrons.  ( See 
p.  85.)  However,  the  coulomb  is  used  as 
a  measure  of  either  negative  or  positive 
charge.  The  coulomb  is  actually  an  ex¬ 
tremely  large  charge,  much  larger  than  is 
ordinarily  found  in  common  practice. 
Therefore  it  is  common  to  use  a  small  frac¬ 
tion  of  a  coulomb,  such  as  a  microcoulomb 
(10~6C),  in  laboratory  work.  The  abbre¬ 
viation  for  microcoulomb  is  ^.C. 


Self  Check 


1 .  In  a  solenoid,  do  adjacent  loops  of  wire 
attract  or  repel  each  other  when  there  is 
current  in  them?  Why? 

2.  Define  the  ampere. 

3.  Define  the  coulomb. 

4.  What  charge  is  transferred  by  a  current  of 
3.0  A  in  40  sec? 

5.  What  current  will  be  required  to  transfer 
12  C  in  3.0  sec? 


Problems 


1 .  A  given  storage  battery  delivers  a  cur¬ 
rent  of  8.0  amperes.  During  each  minute  how 
many  coulombs  of  charge  pass  a  given  point 
in  the  circuit  to  which  the  battery  is  connected? 
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2.  During  the  brief  period  of  1.0  milli¬ 
second  when  a  certain  electronic  photoflash 
lamp  operates,  it  is  known  that  a  charge  of 
0.050  coulombs  is  transferred.  What  is  the 
average  current? 

3.  How  many  electrons  pass  through  the 
lamp  in  the  problem  above? 

4.  An  atom  of  copper  has  a  mass  of 
1.05  X  10~22  g.  During  the  electroplating  of 
copper,  2  electrons  must  be  supplied  for  each 
copper  atom  that  is  plated.  How  much  copper 
will  be  plated  if  a  current  of  2.0  A  flows  for 
10  min? 


Discussion  Questions 


1 .  Early  workers  in  electricity  did  not  know 
whether  a  current  consisted  of  a  flow  of 


negative  particles  in  one  direction,  a  flow  of 
positive  particles  in  the  other,  or  both.  Why 
was  it  impossible  for  them  to  solve  this 
problem  in  terms  of  the  forces  which  con¬ 
ductors  exert  on  each  other? 

2.  It  is  true  that  a  coulomb  passing  any  point 
in  a  second  constitutes  a  current  of  one 
ampere.  Then  it  must  also  be  true  that  an 
ampere  is  one  coulomb  per  second.  Why 
cannot  this  be  used  as  a  definition  for  the 
ampere  rather  than  the  one  on  p.  394? 

3.  In  a  current  balance  why  are  coils  used 
instead  of  long,  straight  wires? 

4.  The  coulomb  is  an  enormous  unit  of  charge, 
but  the  ampere  is  not  a  very  large  current. 
An  electric  toaster,  for  example,  uses  about 
nine  amperes  of  current,  a  flow  of  nine  cou¬ 
lombs  every  second.  Why  are  there  not 
enormous  electrical  forces  when  so  many 
coulombs  of  charge  move? 


Electric  Fields 


10-9  An  electric  field  surrounds  an 
electric  charge.  Like  charges  repel  each 
other;  unlike  charges  attract.  This  occurs 
even  though  the  charged  objects  are  not 
touching  each  other.  Thus  electric  charges 
must  have  an  influence  in  the  region  sur¬ 
rounding  them;  that  is,  the  region  surround¬ 
ing  an  electric  charge  is  somehow  altered 
because  of  the  presence  of  the  charge.  This 
region  of  influence  is  called  an  electric  field. 
You  are  probably  not  surprised  to  find  that 
an  electric  field  is  strongest  near  the  charge 
which  produces  it,  as  suggested  in  Fig.  10- 
4.  For  small,  spherical,  charged  objects  the 
strength  of  the  electric  field  varies  in¬ 
versely  as  the  square  of  the  distance  from 
the  object. 

An  electric  field  can  be  detected  by  the 
fact  that  it  produces  a  force  on  a  charge 
which  happens  to  be  in  it,  as  in  Fig.  10-5. 
The  field  has  direction,  too.  Its  direction  is 
defined  as  the  direction  of  the  force  which 
it  produces  on  a  positive  charge. 


The  idea  of  an  electric  field  is  a  very  use¬ 
ful  concept  in  understanding  many  things 
about  electricity.  You  will  be  using  this 

Figure  10-4  This  diagram  indicates  that  the 
electric  field  around  a  charged  object  is 
strongest  near  the  object.  For  small,  spherical 
objects,  the  field  strength  is  inversely  propor¬ 
tional  to  the  square  of  the  distance  from  the 
object.  The  dots  do  not  represent  physical 
objects  but  merely  the  field  strength. 
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Figure  10—5  This  diagram  shows  the  direction 
of  the  electric  field  surrounding  a  positively 
charged  object.  The  field  produces  a  mechani¬ 
cal  force  on  a  charged  object  in  the  field. 

concept  repeatedly  in  many  areas  of  physics. 
Be  sure  you  understand  these  statements: 

1.  Every  charged  object  is  surrounded  by 
an  electric  field. 

2.  An  electric  field  is  strongest  near  the 
charged  object  which  produces  it.  In 
many  simple  cases,  the  strength  of  an 
electric  field  follows  the  inverse  square 
law. 

3.  An  electric  field  exerts  a  mechanical 
force  on  a  charged  object. 

4.  The  direction  of  an  electric  field  is  the 
direction  of  the  force  it  produces  on  a 
positive  charge. 

5.  An  electric  field  has  no  mass  or  sub¬ 
stance;  it  can  exist  in  a  vacuum. 

10-10  Forces  due  to  an  electric  field 
can  be  calculated.  A  most  practical  way  to 
detect  and  measure  an  electric  field  is  by 
means  of  the  mechanical  force  which  it 
exerts  on  a  charged  object.  Here  simple 
experiments  with  electrostatics  and  common 
sense  coincide:  the  force  of  an  electric  field 
on  a  charged  object  varies  directly  with  the 
intensity  of  the  field  and  with  the  magnitude 
of  the  charge.  Expressed  mathematically: 


F  =  EQ 

where  F  is  force  produced,  E  is  intensity  of 
electrical  field,  and  Q  is  magnitude  of 
electric  charge.  This  equation  can  be  re¬ 
arranged  and  used  to  provide  a  definition  of 

electric  field  intensity: 


Hence  the  intensity  of  electric  fields  is  ex¬ 
pressed  in  terms  of  force  per  unit  charge, 
usually  as  newtons  per  coulomb  or  newtons 
per  electron. 

This  defining  equation  makes  possible 
the  solution  of  many  problems  involving 
electric  fields. 

Since  electric  field  has  both  intensity 
(magnitude)  and  direction,  it  is  a  vector 
quantity.  Hence  electric  fields  can  be 
added  vectorially. 

10-11  Electric  fields  can  be  described 
in  terms  of  potential  energy.  Physicists,  like 
all  scientists,  constantly  experiment  to  find 
answers  to  problems  and  explanations  for 
observed  phenomena.  Sometimes,  however, 
the  experiments  they  would  like  to  do  are 
extremely  difficult,  or  they  may  be  impos¬ 
sible.  Then  a  good  technique  is  a  thought 
experiment,  one  which  is  carried  .out  en¬ 
tirely  in  the  mind  —  usually  with  the  help 
of  pencil  and  paper.  This  method  was 
widely  used  by  Albert  Einstein  and  others 
in  developing  extremely  abstract  ideas 
about  relativity.  After  all,  if  you  want  to 
do  an  experiment  with  an  airplane  travel¬ 
ing  at  half  the  speed  of  light,  it  must  be  a 
thought  experiment. 

Here  is  a  thought  experiment  to  help 
illustrate  the  concept  of  electric  potential 
energy.  Imagine  a  large,  negatively  charged 
object  and  a  tiny,  positively  charged  object, 
as  in  Fig.  10-6.  The  large,  negatively 
charged  object  is  fixed  in  position  so  that  it 
cannot  move.  Of  course  these  objects  are  at¬ 
tracted  to  each  other  by  electrostatic  force. 
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Now  think  of  them  as  being  extremely  close 
to  each  other.  If  you  pull  the  positively 
charged  object  out  a  distance  of  0.1  m,  you 
must  exert  a  force  through  that  distance; 
that  is,  you  must  do  mechanical  work.  From 
Coulomb’s  law,  you  know  that  the  force 
exerted  through  the  distance  varies,  hence, 
the  calculation  of  the  energy  required  is 
difficult  to  do  with  no  mathematics  beyond 
algebra.  Nevertheless,  assume  that  the  work 
needed  to  separate  the  objects  is,  say,  0.05  J. 

While  moving  the  positively  charged  ob¬ 
ject  from  A  to  B,  you  have  performed  work 
on  it.  Where  is  this  energy  you  have  put 
into  the  system?  Surely  it  is  not  lost.  From 
the  principle  of  conservation  of  energy, 
you  know  that  this  same  quantity  of  energy 
will  be  released  when  the  positively  charged 
object  is  permitted  to  return  from  B  to  A. 
It  is  evident,  then,  that  the  entire  system 
possesses  more  energy  when  the  positively 
charged  object  is  at  B  than  when  it  is  at  A. 
That  is,  the  positively  charged  object  has 
more  potential  energy  at  B  than  at  A.  In 
this  case,  the  difference  in  potential  energy 
is  equal  to  the  work  done  to  move  the 
charged  object,  or  0.05  J. 

10-12  The  volt  is  defined  in  terms  of 
energy  per  unit  charge.  Suppose  that  the 
object  that  was  moved  from  A  to  B  in  Fig. 
10-6  has  a  charge  of  10  /xC.  The  work  done 
to  move  it  was  0.05  J,  and  this  is  equal  to 
the  potential  energy  gained  by  the  charge. 

Figure  10—6  a.  The  negative  charge  here  is 
comparatively  large  and  is  not  free  to  move, 
b.  The  positive  charge  has  been  moved  against 
the  coulomb  force  of  attraction  a  distance  of 
0.1  m.  In  this  process  a  total  of  0.05  J  of 
work  has  been  expended. 


A 


Therefore: 

Potential  energy  gain  between  A  and  B 

=  0.05  J  for  1  0  MC 

0.05  J 

10  X  1CT6  C 

Potential  energy  gain  per  unit  charge 

5  X  10~2J 

10-5  c 

=  5  X  103  J/C 

In  other  words,  if  a  1-C  charge  had  been 
moved  from  A  to  B,  it  would  have  required 
5000  J  of  work  to  make  the  move,  and  the 
charge  would  have  acquired  5000  ]  of  po¬ 
tential  energy.  The  potential  energy  differ¬ 
ence  between  A  and  B  for  a  1-C  charge  is 
called  the  potential  difference  between  the 
two  points,  and  is  measured  in  joules  per 
coulomb,  or  volts  (V).  If  1  J  of  energy  is 
required  to  move  a  charge  of  1  C  from  one 
point  to  another  in  an  electric  field,  the  po¬ 
tential  difference  between  the  two  points  is 
1  volt: 

1  V=  1J/C. 

Notice  that  the  potential  difference  is  al¬ 
ways  measured  between  two  points. 

This  definition  can  be  stated  in  mathe¬ 
matical  form: 

V  =  Energy /Q 

where  V  is  the  potential  difference  in  volts, 
energy  is  in  joules,  and  Q  is  the  magnitude 
of  the  electric  charge  in  coulombs.  This 
equation  makes  possible  the  solution  of 
problems  concerning  electric  potential. 


Do  It  Now 


The  energy  potential  of  a  charged  object  with 
respect  to  another  object  with  similar  charge 
increases  as  the  two  objects  get  closer  to¬ 
gether.  When  would  the  potential  energy  be¬ 
tween  the  two  be  zero? 
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Figure  10-7  A  mass  of  0.051  kg  raised 
0.10  m  above  ground  level  has  a  potential 
energy  of  0.050  J.  That  much  energy  was 
required  to  raise  it,  and  that  quantity  of 
energy  will  be  released  when  the  mass  is 
lowered,  or  when  it  falls. 

10-13  Electric  and  gravitational  fields 
can  be  compared.  The  relationships  in  the 
thought  experiment  of  Sections  10-11  and 
10-12  are  strikingly  similar  to  energy  po¬ 
tentials  in  gravitational  fields.  In  the  earth’s 
gravitational  field  the  ground  level  can  cor¬ 
respond  to  point  A  in  Fig.  10-7.  The  direc¬ 
tion  of  the  field,  of  course,  is  down.  If  a 
mass  of  0.051  kg  is  raised  a  distance  of 
0.10  m,  the  work  involved  is  found  by 
Work  =  Fs.  In  this  case,  the  force  is  the 
weight  of  the  object  whose  mass  is  0.051  kg. 
Since  weight  ( force )  =  mg,  the  force  in  the 
work  equation  is: 

F  =  0.051  kg  X  9.8  m/sec2  =  0.50  N 

Therefore: 

Work  =  0.50  NXO.IOm  =  0.050  N  •  m 
=  0.050  J 

This  is  the  energy  involved  in  raising  the 
object  0  10  m  above  the  ground.  This  is  also 
the  energy  which  the  object  will  deliver  if 
permitted  to  fall  back  to  the  ground.  There¬ 
fore,  this  object  whose  mass  is  0.051  kg  has 
0.050  J  more  potential  energy  at  point  B 
than  it  does  at  point  A  ( ground  level ) .  The 
potential  difference  between  points  A  and 
B  is  0.050  J  -s-  0.051  kg  =  0.98  J/kg. 


When  you  think  about  gravitational  fields, 
you  are  accustomed  to  thinking  of  ground 
level  having  7(  o  potential  energy.  Of 
course,  this  really  is  not  true  A  rock  does 
work  falling  into  a  hole  and  therefore  loses 
energy.  It  is  more  accurate  and  more  use¬ 
ful  to  think  of  ground  leyel  not  as  a  zero 
point  for  potential  energy,  but  as  a  reference 
point. 

10-14  The  electron  volt  is  a  unit  of 
particle  energy.  Suppose  an  electron  is 
placed  in  an  electric  field,  as  shown  in  Fig. 
10-8.  The  direction  of  the  field  has  been 
defined  as  the  direction  of  the  force  on  a 
positive  charge.  Therefore  the  electron, 
being  negative,  will  travel  against  the  field 
if  it  is  free  to  move.  As  the  electron  moves, 
it  accelerates  because  the  field  continues 
to  exert  a  force  on  it.  The  electron  gains 
kinetic  energy.  Suppose  that  the  potential 
difference  between  points  A  and  B  is  10 
volts.  The  kinetic  energy  of  the  electron  at 
B  can  be  calculated. 

V  =  Energy/Q 
Energy  =  QV 

The  charge  on  an  electron  is  1.6  X 
10~19  C.  Therefore: 

Energy  =  1 .6  X  10“19  C  X  10  V 
=  1.6  X  10~18  C  X  J/C 
(since  1  V  =  1  J/C) 

-  1.6  X  10“18  J 

Figure  10-8  The  direction  of  the  electric  field 
is  from  right  to  left,  but  the  electron  at  A  will 
move  in  the  opposite  direction.  It  accelerates 
as  it  moves  from  A  to  B,  gaining  kinetic 
energy. 


direction  of  field 


direction  of  field 
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In  particle  accelerators  or  cloud  cham¬ 
bers,  physicists  are  often  concerned  with 
the  energy  of  a  single  electron  or  proton 
that  has  been  accelerated  by  a  potential 
difference  of  a  known  number  of  volts. 
Because  the  joule  would  be  an  impractical 
unit  to  express  the  energy  of  an  electron  in 
motion,  a  new  unit  of  energy,  the  electron 
volt  (eV),  is  used.  It  is  defined  as  the  energy 
acquired  by  an  electron  when  it  is  accel¬ 
erated  through  a  potential  difference  of  1 
volt.  In  the  case  described  above,  the  elec¬ 
tron  has  an  energy  of  10  eV  when  it  gets  to 
point  B.  In  terms  of  joules,  1  eV  is  1.6  X 
10-19J.  Study  Example  1  below. 


EXAMPLE  1 

In  a  particle  accelerator  an  alpha  particle  moves 
through  a  field  where  the  potential  difference  is  1.5 
megavolts.  What  is  the  energy  of  the  particle  when 
it  reaches  its  final  speed? 

Given:  V  =  1.5  megavolts  =  1.5  X  1 0*’  V 

Q  =  2e  (twice  the  charge  of  an  electron) 

To  find:  Energy 

Solution:  Energy  =  QV 

=  2e  X  1.5  X  106  V 
=  3.0  X  106  eV  or  3.0  MeV 
(3.0  million  electron  volts). 

Answer 


10—15  An  electric  circuit  transfers  en¬ 
ergy.  You  have  learned  that  an  electric 
current  is  a  flow  of  electric  charges,  and 
you  have  also  learned  about  the  energy 
which  makes  electric  charges  move.  Now 
you  are  in  a  position  to  apply  what  you 
know  to  a  simple  electric  circuit  such  as 
that  in  Fig.  10-9.  Here  the  source  of 
electric  energy  is  a  chemical  electric  cell 
rated  at  1.5  volts.  This  means  that  the  cell 
delivers  1.5  J  of  energy  to  each  coulomb 


Figure  10-9  In  this  simple  circuit  the  dry  cell 
(the  source  of  electric  energy)  delivers  1 .5  J 
of  energy  to  each  coulomb  of  electric  charge 
which  goes  through  it.  Each  coulomb  then 
delivers  1 .5  J  of  energy  to  the  lamp;  this 
energy  is  converted  into  heat  and  light. 

of  charge  which  it  forces  through  the  cir¬ 
cuit.  As  each  coulomb  flows  through  the 
lamp  in  the  circuit,  it  delivers  1.5  J  of 
energy  to  the  lamp.  This  is  converted  into 
heat  and  light  energy  in  the  lamp  filament. 
Thus  the  electric  circuit  permits  the  trans¬ 
fer  of  energy  from  the  source  (the  cell)  to 
the  load  (the  lamp). 

The  volt  (and  the  less  desirable  but 
very  common  term  “voltage”)  is  usually 
used  to  describe  the  potential  difference 
between  the  two  terminals  of  a  cell  or 
battery  or  between  two  specified  points  in 
an  electric  circuit.  Literally,  the  volt  de¬ 
scribes  the  potential  energy  difference  (in 
joules)  per  unit  charge  (in  coulombs).  In 
practice  this  is  usually  shortened  to  poten¬ 
tial  difference.  Thus,  the  rating  of  120 
volts  so  common  in  household  circuits 
means  that  the  potential  difference  between 
the  two  supply  wires  is  120  volts.  When  a 
radio  repairman  uses  a  voltmeter  and  says 
“the  potential  here  is  180  volts,”  he  means 
that  the  potential  difference  between  “here” 
and  a  selected  reference  point  is  180  volts. 

Many  students  think  of  the  volt  as  being 
a  unit  of  “electric  pressure”  or  “electric 
force”  or  “electric  power.”  Common  though 
these  interpretations  are,  none  is  correct. 
The  volt  is  a  unit  of  energy-per-unit  charge; 
it  is  one  joule  per  coulomb. 
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Self  Check 


1 .  If  the  force  on  a  charge  placed  1  cm  from 
another  charge  is  0.08  N,  what  is  the  force 
when  the  separation  is  2  cm? 

2.  If  a  large  charged  object  attracts  a  small 
one  with  a  force  of  3  N,  with  what  force 
does  the  small  object  attract  the  large  one? 

3.  What  is  the  direction  of  the  electric  field 
around  a  negatively  charged  sphere? 

4.  Define  the  volt. 

5.  A  charge  of  2  coulombs  jumps  a  spark  gap 
across  which  the  potential  difference  is  1000 
volts.  What  is  the  energy  gained  by  the 
charge  during  the  jump?  What  happens  to 
this  energy? 

6.  A  storage  battery  is  a  source  of  energy. 
How  much  energy  will  a  12-volt  battery 
give  to  a  charge  of  5  coulombs  that  passes 
through  the  battery? 

7.  What  is  the  energy  of  an  electron  acceler¬ 
ated  in  an  evacuated  tube  by  a  potential 
difference  of  10,000  volts? 

8.  Why  is  it  necessary  to  specify  a  reference 
point  when  describing  the  electric  potential 
at  a  point  in  a  field  or  at  a  point  in  a  cir¬ 
cuit? 


Problems 


a  charge  of 
electric  field 


1 .  What  is  the  force  on 
2  X  10-4  C  when  it  is  in  an 
whose  magnitude  is  0.1  N/C? 

2.  How  strong  would  an  electric  field 
have  to  be  to  produce  a  force  of  exactly  1  N 
on  a  charge  of  1000  /xC ? 

3.  If  a  charge  of  30  /iC  moves  from  one 
point  in  an  electric  field  to  another  and  in  so 


doing  releases  exactly  0.5  J  of  energy,  what 
is  the  potential  difference  between  the  two 
points  expressed  in  electric  terms? 

4.  How  much  work  is  done  by  a  3.0- A 
current  flowing  for  10  sec  between  2  points 
with  a  potential  difference  of  20  V? 

5.  What  energy  is  possessed  by  a  lithium 
nucleus  (atomic  number  3)  which  is  acceler¬ 
ated  by  an  electric  field  whose  potential  differ¬ 
ence  is  6.0  X  105  volts? 

6.  What  electric  potential  difference 
must  a  field  possess  to  impart  15  meV  of 
kinetic  energy  to  an  alpha  particle? 


7.  What  is  the  acceleration  of  an  elec¬ 
tron  in  a  field  with  a  strength  of  8.0  N/C?  The 
mass  of  an  electron  is  9.1  X  10-31  kg. 

8.  What  is  the  kinetic  energy,  expressed 
in  mechanical  units,  of  an  electron  which  has 
been  accelerated  through  a  field  whose  poten¬ 
tial  difference  is  50,000  V?  At  what  speed 
would  the  electron  be  moving  if  the  electron 
mass  remained  constant? 


Discussion  Questions 


1 .  Like  electric  charges  repel  each  other, 
while  electric  currents  in  the  same  direction 
attract  each  other.  Do  you  consider  this 
to  be  a  contradiction? 

2.  What  is  wrong  with  the  statement:  The 
voltage  at  this  point  is  110? 

3.  Why  is  one  of  the  most  powerful  particle 
accelerators  called  the  bevatron? 

4.  Can  you  think  of  any  disadvantages  of  re¬ 
ferring  to  the  volt  as  a  unit  of  “electric 
pressure”  or  “electric  force”?  Are  there  any 
misunderstandings  which  might  arise  from 
this  use? 


Electric 

10-16  Every  electric  current  contains  a 
complete  path.  Your  everyday  experiences 
have  familiarized  you  with  many  electric 
circuits.  One  of  these  is  the  electric  toaster, 


Circuits 

diagramed  in  Fig.  10-10a.  The  electric 
energy  for  this  appliance  is  generated  in  a 
central  power  station  and  transmitted  to 
the  wall  outlet  into  which  the  power  cord 
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is  plugged.  At  first  glance,  a  cord  looks  like 
a  single  connection,  but  it  has  two  separate 
wires  inside  the  same  casing. 

In  the  toaster,  electric  energy  is  con¬ 
verted  to  heat  energy  in  the  heating  ele¬ 
ment,  which  is  a  length  of  wire  made  of 
a  special  alloy.  In  electric  circuits,  that 
portion  which  converts  the  electric  energy 
—  whether  it  changes  the  energy  to  heat, 
light,  sound,  magnetism,  motion,  or  pro¬ 
duces  chemical  reaction  —  is  called  the  load. 

Notice  that  the  central  power  station,  the 
connecting  wires,  and  the  toaster  make  up 
a  complete  path  for  electric  current. 

Figure  10-10b  shows  a  simple  circuit  — 
one  which  might  be  set  up  in  the  labora¬ 
tory  or  used  to  construct  a  doorbell  system. 


A  standard  dry  cell  battery  serves  as  the 
source  of  electric  energy.  An  electric  door¬ 
bell  is  the  load.  These  are  connected  by 
wires.  Included  in  the  circuit  is  a  push¬ 
button  type  switch. 

All  simple  circuits  have  these  features  in 
common: 

1.  A  source  of  electric  energy. 

2.  A  load  which  converts  electric  energy 
into  some  other  energy  form. 

3.  A  complete  and  closed  path  through 
which  electric  charges  can  flow. 

10-17  Standard  symbols  simplify  the 
study  of  electricity.  Both  Fig.  10-lOa  and 
-10b  show  actual  drawings  of  cells,  wires, 
loads,  etc.  in  a  circuit.  While  this  form  of 


Fig  ure  10-10  How  simple  circuits  are  represented,  a.  A  toaster  is  a  typical  electric  appli¬ 
ance  for  home  use.  Its  circuit  includes  a  source  of  energy,  a  load,  a  switch,  and  a  round-trip 
path  for  current,  b.  This  simple  doorbell  circuit  contains  a  source  of  electric  energy,  a  load,  a 
complete  current  path,  and  a  switch,  c.  This  schematic  diagram  uses  symbols  in  place  of  the 
more  cumbersome  sketches.  It  makes  the  diagram  more  general;  that  is,  a  schematic  diagram 
can  represent  any  one  of  many  typical  circuits. 


Wires  provide  a 
complete  path 
for  electricity. 


b 


c 
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representation  is  satisfactory  for  simple  cir¬ 
cuits,  it  has  several  disadvantages,  especially 
for  more  complex  arrangements  of  parts. 
The  study  of  electricity  and  the  under¬ 
standing  of  electric  circuits  is  simplified  by 
using  symbols  for  segments  of  the  circuit. 
For  example,  the  simple  diagram  of  Fig. 
10-10c  can  be  modified  to  represent  the 
other  sketches  in  the  same  group;  it  is  called 
a  schematic  diagram 

Symbols  are  easier  to  prepare  than  photo¬ 
graphs  or  sketches  of  parts  of  circuits;  fur¬ 
thermore,  they  require  very  little  space  on 
a  page.  However,  their  principal  advantage 
is  that  they  are  general  in  their  meaning. 
Thus,  a  symbol  for  a  simple  switch  can 
represent  a  toggle  switch,  a  push-button 
switch,  a  knife  switch,  or  a  telegraph  key. 
It  can  be  used  for  a  switch  on  a  room  wall, 
or  on  a  flashlight  case;  it  can  be  the  switch 
which  closes  a  circuit  which  fires  a  rocket 
or  the  switch  which  controls  the  light  in¬ 
side  a  refrigerator. 

Symbols  for  components  of  electric  cir¬ 
cuits  can  be  used  in  any  position,  since  they 
literally  have  no  top  or  bottom.  Table  1 
shows  many  of  the  common  electrical  sym¬ 
bols  used  in  simple  schematic  diagrams. 

10-18  A  fuse  is  a  special  kind  of 
switch.  Electrons  flowing  through  a  wire 
lose  a  small  part  of  their  energy  in  the  form 
of  heat.  If  the  current  is  large,  the  wires 
may  become  hot  enough  to  melt  or  to  start 
a  fire.  For  this  reason  household  circuits 
are  protected  with  fuses.  A  fuse  is  made 
of  a  low-melting-point  alloy,  which  melts 
before  the  other  wires  in  the  circuit  become 
dangerously  hot.  When  the  fuse  wire  melts, 
the  circuit  is  broken  and  current  ceases. 
Common  household  fuses  are  frequently  of 
the  screw-in  variety.  They  can  be  inserted 
into  sockets  mounted  in  the  fuse  panel.  A 
cartridge  fuse  fits  into  a  pair  of  clips.  Cir¬ 
cuits  may  also  be  protected  by  circuit 
breakers  which  use  magnets  or  bimetallic 
bars  to  open  the  switch. 


All  household  electric  circuits  should  be 
protected  by  fuses  or  circuit  breakers. 
Without  them  there  is  a  good  chance  that 
an  overloaded  circuit  may  damage  an  ap¬ 
pliance,  scorch  insulation,  or  even  start  a 
fire.  Circuits  should  be  equipped  with  fuses 
according  to  the  current  they  can  handle 
safely,  commonly  15,  20,  or  30  amperes.  If 
a  fuse  has  too  large  a  current  rating,  it  does 
not  give  protection  against  moderately  ex¬ 
cessive  current. 


Do  It  Now 


1.  Check  the  wiring  of  your  home  to  see  if 
fuses  or  circuit  breakers  are  used.  In  partic¬ 
ular,  determine  the  ampere-ratings  of  the 
fuses  or  circuit  breakers  used.  Do  the  same 
for  the  wiring  in  your  school  building. 

2.  Would  you  expect  that  a  fire  caused  by 
defective  wiring  would  start  in  a  fuse  box 
or  elsewhere  in  a  house? 


10-19  Electric  energy  is  extremely  use¬ 
ful  to  man.  Have  you  ever  wondered  why 
electricity  is  such  a  useful  form  of  energy, 
why  the  modern  age  is  sometimes  called 
“the  age  of  electricity”?  You  have  learned 
some  of  the  reasons  why  this  is  true: 

1.  Electric  energy  can  be  carried  in  wires 
from  one  place  to  another  —  over  dis¬ 
tances  from  a  few  inches  to  thousands 
of  miles. 

2.  Electric  energy  can  be  easily  con¬ 
trolled  by  use  of  switches  of  all  kinds. 

3.  Electric  energy  can  be  readily  con¬ 
verted  to  and  from  many  other  forms, 
including  heat,  light,  mechanical,  and 
electromagnetic  energy. 

It  is  these  features  which  make  electricity 
so  useful  in  modern  civilization. 
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Table  10-1  SCHEMATIC  DIAGRAMS  FOR  ELECTRIC  CIRCUITS  USE 
WELL-STANDARDIZED  SYMBOLS.  SOME  OF  THE  MORE  COMMON 
ONES  USED  IN  THIS  BOOK  ARE  SHOWN  BELOW. 


Wires  in  electric  contact 


Wires  crossing,  but  not  in  electric  contact 


Chemical  cell 


long,  thin  line  is  positive 


H  I  1 


Battery  of  three  chemical  cells  connected  in  series 


Battery  of  several  chemical  cells  connected  in  series. 
The  number  of  cells  is  not  indicated,  but  the  total 
number  of  volts  is  shown. 


Incandescent  lamp 


Simple  off-on  switch  —  normally  shown  open 


Electric  generator 


Electric  motor 


Resistance  wire  or  a  heating  coil 


Coil  of  wire 


Coil  of  wire  with  an  iron  core 
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Self  Check 


1 .  Why  are  there  two  separate  conductors  in 
the  power  cord  of  an  appliance? 

2.  What  are  the  three  necessary  components 
for  a  complete  electric  circuit? 

3.  In  terms  of  these  three  necessary  com¬ 
ponents,  how  does  a  switch  control  current 
in  a  circuit? 

4.  What  are  some  of  the  advantages  of  using 
symbols  and  diagrams  to  represent  electric 
circuits?  What  are  some  disadvantages? 

5.  Where  did  the  term  “fuse”  originate? 

6.  Why  is  electric  energy  useful? 


Discussion  Questions 


1 .  Identify  the  energy  source,  the  load,  and 
the  complete  current  path  for  an  automobile 
electrical  system  while  the  battery  is  being 
charged  and  no  other  energy  is  being  re¬ 
leased. 

2.  How  would  you  design  a  container  for  an 
x-ray  device  so  that  no  technician  could 
remove  the  cover  while  the  power  is  on? 


Chapter 

Summary 


Electric  current  in  wires  and  loads  consists 
of  electron  movement  from  negative  to  posi¬ 
tive.  The  moving  electrons  are  free  electrons 
from  the  atoms  of  the  conducting  material. 
Free  electrons  move  slowly,  but  the  surge  of 
their  movement  approaches  the  speed  of  light. 
Conductors  permit  easy  flow  of  electrons;  in¬ 
sulators  do  not.  In  liquid  solutions  and  in 
gases,  electric  current  consists  of  positive  and 
negative  ions  moving  in  opposite  directions  in 
the  ionized  material.  Electrolytes  are  ionized 
liquids.  Moisture  in  the  earth  makes  it  a  good 
conductor  and  constitutes  a  safety  hazard. 


Electric  currents  produce  a  force  on  each 
other;  this  force  provides  the  basis  for  the 
definition  of  the  unit  of  electric  current.  One 
ampere  is  the  current  in  each  of  two  long  con¬ 
ductors  1  m  apart  which  produces  a  force  of 
2  X  I0~7  N  per  meter  of  conductor  length. 
The  basic  unit  of  electric  charge  is  the  coulomb, 
the  quantity  of  charge  passing  a  given  point  in 
a  circuit  each  second  when  there  is  a  current 
of  1  ampere. 

Every  electric  charge  is  surrounded  by  an 
electric  field.  An  electric  field  produces  a  force 
on  a  charged  object.  The  direction  of  a  field 
is  the  direction  of  the  force  on  a  positive  charge. 
The  magnitude  of  the  force  is  the  product  of 
the  field  strength  and  the  quantity  of  charge. 
Energy  is  involved  when  charges  move  through 
electric  fields.  The  potential  difference  be¬ 
tween  two  points  in  a  field  is  the  energy  dif¬ 
ference  as  a  unit  of  charge  is  moved  between 
the  two  points.  A  volt  is  the  potential  differ¬ 
ence  between  two  points  when  1  J  of  work  is 
involved  in  the  movement  of  1  C  of  charge 
between  those  two  points.  Energies  of  sub¬ 
atomic  particles  can  be  expressed  in  terms  of 
electron  volts.  Electric  fields  can  be  compared 
with  gravitational  fields. 

Electric  circuits  provide  a  means  of  con¬ 
trolling  energy.  Every  operating  circuit  con¬ 
tains  at  least  three  parts,  a  source  of  electric 
energy,  a  load,  and  a  complete  conducting 
path  for  current.  Symbols  and  circuit  dia¬ 
grams  promote  easy  understanding  of  electric 
circuits.  An  electric  fuse  is  a  switch  which 
melts  when  hot  and  therefore  automatically 
opens  to  prevent  excessive  current. 


Vocabulary- 

electron  current 
(p.  233 ) 

conventional  current 
(p.  234) 

ionization  (p.234) 
electrolyte  (p.235) 
grounded  wire 
(p.  235 ) 

conductor  (p.  235) 
insulator  (p.  235 ) 


ampere  (p.  238) 
coulomb, 

microcoulomb 
(p. 238) 
electric  field 
(p.  239) 
electric  field 

intensity  (p.  240) 
potential  difference 
(p. 241 ) 
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volt  (p.  241 ) 
gravitational  field 
(p .242) 
electron  volt 
(p.242,  243 ) 
electric  circuit 
( p.243 ,  245 ) 

Problems 

1 .  How  many  coulombs  pass  a  given 
point  when  a  current  of  5.0  A  flows  for  4.0  sec? 

2.  A  60- W  electric  light  bulb  uses  a 
current  of  approximately  0.50  A.  How  many 
electrons  per  second  pass  by  a  point  in  the 
filament? 

3.  A  pith  ball  of  mass  0.10  g  is  free  to 
move  in  an  electric  field  whose  intensity  is 
25N/C.  What  is  the  acceleration  of  the  pith 
ball  if  its  charge  is  30  ^ C? 

4.  A  charge  of  80  pC  does  0.020  J  of 
work  as  it  jumps  a  spark  gap.  What  was  the 
potential  difference  across  the  gap? 

5.  What  is  the  energy  of  a  proton  ac¬ 
celerated  by  a  potential  difference  of  20,000  V? 

6.  What  potential  difference  would  be 
required  to  give  an  alpha  particle  an  energy 
of  40,000  eV? 

7.  Through  what  potential  difference 
must  an  alpha  particle  be  accelerated  to  give 
it  a  velocity  equal  to  Vio  that  of  light?  Assume 
that  the  mass  of  the  particle  does  not  change 


enough  to  affect  the  result.  The  mass  of  an 

alpha  particle  is  6.6  X  10~27  kg. 

Discussion  Questions 

1.  Many  people  prefer  to  avoid  the  use  of  the 
phrase  “flow  of  current.”  They  say  this  is 
a  redundant  expression.  What  does  this 
mean?  What  is  your  opinion  about  “flow  of 
current”? 

2.  Can  you  describe  a  situation  where  it  might 
be  useful  to  treat  two  electric  fields  as 
vector  quantities  and  add  them  as  vectors? 

3.  What  is  wrong  with  the  statement:  “There 
are  60  volts  going  through  this  load.” 

4.  Describe  the  kinetic  energy  possessed  by  a 
2  meV  electron  without  using  the  term 
“electron  volt”. 


Work  on  Your  Own 

1.  Write  to  the  Canadian  Standards  Associa¬ 
tion,  77  Spencer  Street,  Ottawa  3,  for  in¬ 
formation  about  establishment  of  electrical 
standards. 

2.  Prepare  a  chart  to  compare  gravitational  and 
electric  fields.  For  each  type  of  field,  make 
an  entry  for  such  things  as  how  produced, 
units  in  which  measured,  kinds  of  things  on 
which  forces  are  produced,  and  ways  of 
expressing  energy  difference  between  two 
points  in  the  field. 


load  (p.  245) 
schematic  diagram 
(p.  245,  246) 
switch  (p.  246) 
fuse  (p.  246) 
circuit  breaker 
(p. 246) 
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Courtesy  of  IBM,  Inc. 


These  circuit  boards  containing  resistors  (the  small,  striped  cylinders)  are  components  of 
electronic  computers,  which  use  direct  current.  The  circuit  boards  may  be  replaced  easily 
for  repair  purposes  or  to  change  the  characteristics  of  the  circuit. 


Judy  first  saw  the  wisp  of  smoke  rising  from  the  footlight  dimmer  control  just 
as  the  curtain  came  down  on  the  dress  rehearsal  of  the  Junior  Class  play. 
She  turned  off  the  circuit  immediately,  ending  the  danger  of  fire.  The  stage 
crew  knew  that  the  light  dimmer  controls  normally  became  hot,  but  the  more 
they  thought  about  it,  the  less  they  understood  why.  As  Joe  pointed  out,  “The 
light  and  heat  should  come  from  those  floodlights,  not  from  the  control  box. 
Besides,  why  should  the  control  box  grow  hotter  while  the  lights  are  dim?’’ 

Marilyn  had  an  idea.  “Let’s  call  Mr.  Thompson,"  she  said.  “He  lives 
nearby  and  he’s  a  physics  teacher."  Mr.  Thompson  went  right  over  because 
he  thought  that  there  might  be  danger.  He  examined  the  dimmer  control 
which  had  been  smoking  and  shook  his  head  sadly.  “This  is  really  ruined," 
he  muttered.  “And,  say!  The  footlight  circuit  is  overloaded.  Those  should 
be  100-watt  bulbs,  and  most  of  them  are  150’s." 

Two  hours  later  everything  was  under  control.  After  Marilyn  had  expressed 
wonder  at  his  ability  to  fix  things,  Mr.  Thompson  commented,  “I  was  glad  to 
do  if.  I  am  sorry  I  had  no  time  to  explain  how  the  repairs  worked.  If  you 
still  wish  to  know,  why  don’t  you  take  physics  next  year?  You  might  enjoy 
your  backstage  work  more  if  you  knew  what  you  were  doing!" 

In  this  chapter  you  will  find  out  how  energy  is  provided  for  electric  circuits, 
what  factors  determine  the  intensity  of  current  in  a  circuit,  and  how  electric 
power  and  energy  are  computed. 


Electric  Energy  Sources  and  Loads 


11-1  Charges  can  be  made  to  move 
in  a  conductor.  An  electric  field  produces 
a  force  on  a  charged  object.  By  this  time 
you  are  thoroughly  familiar  with  this  im¬ 
portant  principle  of  electricity.  You  know 
what  happens  to  the  charged  pith  ball  in 
Fig.  11—1.  It  lies  in  the  electric  field  pro¬ 


duced  by  the  charged  objects  at  A  and  B. 
Since  the  pith  ball  has  a  negative  charge, 
it  is  repelled  by  A  and  attracted  by  B; 
therefore  it  moves  toward  the  right,  in  a 
direction  opposite  to  that  of  the  field.  If 
the  pith  ball  had  a  positive  charge,  it  would 
move  left,  in  the  direction  of  the  field. 
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Figure  11-1  The  suspended  negative  charge 
moves  in  a  direction  opposite  to  that  of  the 
field  between  A  and  B. 

The  behavior  of  the  pith  ball  is  almost 
identical  whether  it  occurs  in  empty  space 
or  in  air  or  other  common  gas.  But  what 
would  happen  if  the  material  between  A 
and  B  were  a  solid?  What  if  it  were  a  metal? 

The  sketch  in  Fig.  ll-2a  corresponds  in 
general  with  that  of  Fig.  11-1.  However, 
there  are  important  differences  in  detail. 
For  one  thing,  the  material  between  A  and 
B  is  no  longer  air,  but  a  metal  wire.  For  an¬ 
other,  the  suspended  pith  ball  has  been  re¬ 
placed  by  the  free  electrons  in  the  wire. 
Since  there  is  a  potential  difference  between 
the  two  terminals  of  the  cell,  there  is  also  a 
potential  difference  between  A  and  B;  con¬ 
sequently,  there  is  an  electric  field  between 
A  and  B.  The  field  exerts  a  force  on  the 
electrons,  causing  them  to  move. 

One  big  difference  between  electrons 
flowing  in  a  conductor  and  electrons  flow¬ 
ing  in  space  is  their  velocity.  Even  when 
the  potential  difference  between  A  and  B 
is  the  same,  as  in  Figs.  ll-2a  and  ll-2b, 
electron  movement  is  much  slower  in  a 
conductor  than  in  space.  In  a  solid,  elec¬ 
trons  move  but  a  short  distance  before  they 
collide  with  other  particles  in  the  solid  and 
are  slowed  down.  That  is,  they  are  first 
accelerated  by  the  field,  then  decelerated  by 
collision.  As  a  result,  the  average  velocity 
of  free  electrons  moving  through  a  con¬ 
ductor  is  very  low;  that  is  why  it  is  referred 
to  as  a  drift  of  electrons. 
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As  electrons  are  accelerated  by  the  field 
between  A  and  B  in  Fig.  ll-2a,  they  ac¬ 
quire  kinetic  energy.  As  they  collide  with 
stationary  particles,  they  give  added  en¬ 
ergy  of  motion,  in  the  form  of  heat,  to  the 
particles,  which  accounts  for  the  heating 
effect  of  electric  current  in  a  conductor. 

In  Fig.  ll-2a,  the  potential  difference  is 
not  provided  by  isolated,  oppositely  charged 
objects.  To  sustain  a  current  in  the  con¬ 
ductor,  means  must  be  provided  to  main¬ 
tain  the  potential  difference.  This  is  almost 
always  accomplished  by  the  chemical  en¬ 
ergy  from  electric  cells  or  by  the  mechanical 
energy  which  drives  electric  generators. 

In  simple  circuits  electron  flow  is  in  one 
direction  only;  it  may  fluctuate  in  intensity, 
but  it  does  not  reverse  its  direction;  this 
continuous  current  is  called  direct  current 
(dc). 

Figure  11-2  a.  Free  electrons  in  a  wire  also 

move  against  the  field  in  the  wire. 


direction  of  motion  of  electrons 

A  - ►  B 

- 


direction  of  field 


b.  Here  electrons  in  space  are  free  to  move 
in  the  electric  field  between  A  and  B.  They 
move  for  the  same  reason  they  did  in  a,  but 
they  move  much  faster.  Note  that  in  all  cases 
the  electrons  move  in  a  direction  opposite  to 
that  of  an  electric  field. 


A 


direction  of  field 


direction  of  motion  of  electrons 
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Source 

single  standard-size  “dry  cell ' ’ 
lead-acid  storage  cell 
modern  automobile  battery 
battery  for  large  airplane 
house  wiring 

streetcar  and  electric  bus 
long-distance  transmission  lines 
medium-sized  Van  de  Graaff  generator 


Volt  rating 

1 .55  (nominally  1 .5) 

2.1  (nominally  2) 

6.3  (nominally  6)  or  12.6  (nominally  12) 
25.2  (nominally  24  or  25) 

110-125 

550 

50,000-500,000 
0.5—2  million 


Do  It  Now 


Two  identical  balls  roll  down  the  incline  of  a 
pinball  machine  at  once.  One  misses  all  the 
obstacles  and  rolls  directly  down  to  the  bottom, 
while  the  other  hits  several  pins.  Which  has 
the  greater  average  velocity?  Compare  the 
way  in  which  the  two  balls  expend  their  po¬ 
tential  energy.  How  does  this  situation  com¬ 
pare  with  the  electron  movement  represented 
in  Fig.  11-2? 

11-2  Electric  energy  sources  are  rated 
in  volts.  Such  expressions  as  “12-volt  bat¬ 
teries”  or  “120-volt  electric  supply”  describe 
the  potential  difference  which  a  source 
of  electric  energy  can  maintain  across  its 
terminals.  Electric  energy  sources  can  be 
described  also  in  terms  of  the  rate  at  which 
they  supply  energy  (their  power)  or  how 
long  they  will  last,  but  by  far  the  most 
common  rating  is  in  terms  of  volts.  Volt 
rating,  as  you  know,  indicates  the  energy 
which  the  electric  supply  can  deliver  to 
each  unit  of  electric  charge  which  it  moves. 
The  volt  rating  of  some  common  sources 
of  electric  energy  are  shown  above. 

11-3  Electric  loads  are  specified  in 
volts.  Most  ordinary  loads  for  electric  cir¬ 
cuits  are  specified  in  volts.  However,  the 


meaning  of  volt  rating  here  is  far  different 
from  its  meaning  when  used  to  rate  sources 
of  electric  energy.  The  load,  of  course,  does 
not  supply  energy  to  anything.  Its  volt  rat¬ 
ing  means  that  it  is  designed  for  normal 
operation  with  a  given  potential  difference 
across  its  terminals.  For  example,  there  are 
miniature  lamp  bulbs  rated  at  1.2  volts,  1.5 
volts,  2.5  volts,  3.8  volts,  6.3  volts,  etc.  Most 
household  appliances,  including  lamp  bulbs, 
are  rated  at  110-120  volts.  Some  electric 
stoves,  clothes  dryers,  and  water  heaters 
are  rated  at  220  volts.  The  ratings  give  the 
potential  difference  required  for  optimum 
operation.  A  120-volt  lamp  glows  dimly  and 
inefficiently  when  the  potential  difference 
across  it  is  80  volts  and  may  not  glow  at  all 
if  the  potential  difference  is  much  lower 
than  that.  If  the  potential  difference  is  sub¬ 
stantially  above  the  rated  value,  the  lamp 
will  burn  out  quickly. 


Do  It  Now 


1 .  Examine  a  two-cell  flashlight.  What  is  the 
normal  volt  rating  for  its  lamp?  How  does 
the  flashlight  behave  with  a  lamp  a  little 
lower  or  higher  than  is  proper? 

2.  If  a  flashlight  is  equipped  with  the  wrong 
bulb  so  that  it  glows  more  brightly  than 
normal,  what  happens  to  the  life  of  the  bulb? 
What  happens  to  the  life  of  the  battery? 
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11-4  Electric  loads  may  be  connected 
in  parallel  or  in  series.  It  is  evident  that 
a  12-volt  lamp  operates  normally  from  a 
12-volt  battery.  But  how  can  you  operate 
two  or  more  such  lamps  from  this  source 
of  energy?  And  how  can  you  use  lamps 
with  lower  volt  ratings  with  a  12-volt 
source?  These  problems  can  be  solved  by 
using  series  or  parallel  circuits.  Figure  11-3 
shows  a  simple  circuit  consisting  of  a  bat¬ 
tery,  a  switch,  and  two  lamps.  The  circuit 
is  arranged  first  with  the  lamps  in  parallel 
(Fig.  ll-3a)  with  each  other  and  then  with 
the  lamps  in  series  with  each  other  (Fig. 
ll-3b). 

In  the  parallel  arrangement,  the  current 
divides  and  goes  through  each  lamp  in 
equal  quantities  if  the  lamps  are  identical. 
If  one  lamp  is  removed,  the  circuit  is  still 
complete;  but  only  half  as  much  current 
remains  because  half  of  the  conductive 
path  has  been  removed.  If  a  12-volt  bat¬ 
tery  is  the  source  of  electric  energy,  each 
parallel-connected  lamp  should  be  a  12- 
volt  unit,  to  match  the  potential  difference 


of  the  energy  supply.  If  the  lamps  are 
alike,  each  glows  with  equal  brilliance. 
Two  parallel  lamps  will  discharge  the  bat¬ 
tery  in  half  as  much  time  as  will  a  single 
lamp.  In  Fig.  ll-3a,  a  switch  at  point  X 
would  control  all  the  lights  in  the  circuit, 
while  a  switch  at  Y  would  control  only  the 
lamp  in  that  particular  branch  of  the  circuit. 

In  the  series  arrangement,  the  same  cur¬ 
rent  exists  in  each  lamp,  for  every  electron 
which  goes  from  A  to  B  also  must  go  from 
B  to  C.  Since  no  electrons  are  added  or 
lost  and  since  they  do  not  “pile  up”  in  the 
circuit,  the  number  flowing  through  AB 
in  a  given  time  must  be  the  same  as  the 
number  flowing  through  BC.  Hence,  the 
flow  of  charge  per  unit  of  time,  the  electric 
current,  is  the  same  in  all  portions  of  a 
series  circuit.  In  this  circuit,  if  either  lamp 
is  removed  from  its  socket,  the  circuit  no 
longer  is  complete  and  no  current  flows. 

To  operate  four  identical  lamps  in  a  series 
circuit  containing  a  12-volt  battery,  you 
must  select  lamps  whose  individual  volt 
ratings  add  up  to  approximately  12  volts. 


Fig  ure  1 1-3  Here  the  same  components  are  arranged  (a)  in  parallel  and  (b)  in  series.  In 
parallel  each  lamp  has  the  same  potential  difference  across  its  terminals.  In  series  each 
lamp  has  the  same  current,  c.  Here  a  1  2-V  energy  source  is  used  to  move  electrons  through 
four  identical  lamps  connected  in  series. 
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Therefore  each  lamp  should  be  rated  at  3 
volts.  You  can  understand  this  by  referring 
to  the  circuit  analysis  in  Fig.  ll-3c.  The 
potential  difference  between  A  and  B  is  3 
volts,  likewise  the  one  from  B  to  C,  etc.  A 
is  negative  with  respect  to  B,  B  is  negative 
with  respect  to  C,  and  so  on.  Accordingly, 
the  potential  difference  is  such  that  A  is  6 
volts  more  negative  than  C,  and  12  volts 
more  negative  than  E.  A  switch  in  series 
with  this  circuit  controls  all  the  lamps, 
since  a  break  at  any  point  in  the  conductive 
path  makes  the  entire  circuit  incomplete 
and  stops  the  current. 

Only  a  few  examples  of  series-connected 
loads  are  in  ordinary  use.  One  is  the  ar¬ 
rangement  of  small  Christmas-tree  lamps 
on  a  single  cord.  A  common  variety  of 
these  ornaments  has  seven  or  eight  15-volt 
lamps  in  a  series,  making  a  load  whose  total 
volt  rating  is  approximately  equal  to  that 
of  the  electric  energy  supply  of  a  typical 
home.  Because  the  lamps  are  in  a  series, 
all  go  out  when  one  fails.  Other  series- 
connected  loads  are  the  heaters  of  the  vac¬ 
uum  tubes  in  many  small  radio  receivers. 
If  one  of  the  heaters  fails,  none  of  the  tubes 
glows. 


Do  It  Now 


If  you  have  one  3-volt  lamp  which  uses  2 
amperes,  and  another  3-volt  lamp  which  uses 
1  ampere,  would  you  connect  them  in  series 
using  a  6-volt  battery,  or  in  parallel  using  a 
3-volt  battery?  Why? 

11-5  Electric  energy  sources  may  be 
connected  in  parallel  or  in  series.  Not  only 
electric  loads,  but  electric  cells  may  be  con¬ 
nected  in  parallel  or  in  series.  Series  con¬ 
nections  of  cells,  as  in  Fig.  ll-4a,  provide  a 
greater  total  potential  difference  than  that 
available  from  a  single  cell.  The  negative 
terminal  of  one  cell  is  connected  to  the 


positive  terminal  of  the  next.  The  potential 
differences  of  the  cells  in  a  series  arrange¬ 
ment  add  up  to  the  potential  difference  of 
the  battery. 

Typical  flashlight  batteries  are  made  up 
of  cells  stacked  in  series  inside  the  case. 
Since  the  metal  bottom  of  such  a  cell  is  the 
negative  terminal  while  the  brass  cap  on 
the  top  is  the  positive  terminal,  this  amounts 
to  connecting  the  cells  in  series.  The  cells 
of  an  automobile  storage  battery  are  also 
connected  in  series.  Each  lead-acid  chemi¬ 
cal  cell  has  a  rating  of  2.1  volts.  Hence,  the 
six-cell  battery  used  in  most  automobiles 
has  a  12.6-volt  rating.  In  common  prac¬ 
tice,  such  batteries  are  referred  to  as  12- 
volt  batteries. 

Electric  cells  sometimes  are  connected  in 
parallel.  A  battery  made  of  any  number 
of  similar  cells  connected  in  parallel  has  the 
volt  rating  of  a  single  cell.  Its  action  is 
similar  to  that  of  a  single  cell  with  larger 
plates  and  more  chemicals.  Doorbell  bat¬ 
teries  often  are  made  of  three  or  four  paral¬ 
lel-connected  dry  cells.  The  rating  of  such 
a  battery  is  1.5  volts,  but  it  will  operate  for 
three  or  four  times  as  long  as  a  single  cell. 
Figure  ll-4b  shows  such  a  connection. 

Figure  11-4  a.  These  two  dry  cells  are  con¬ 
nected  in  series.  The  center  terminal  of  each 
is  positive  with  respect  to  the  side  terminal. 

B  is  1 .5  V  more  positive  than  A,  and  C  is 
1 .5  V  more  positive  than  B.  From  this  it 
follows  that  C  is  3  V  more  positive  than  A. 
b.  The  same  two  cells  connected  in  parallel. 
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Self  Check 


1 .  When  will  charges  move  in  conductors? 

2.  Why  do  wires  heat  up  when  they  conduct 
electric  current? 

3.  How  is  a  potential  difference  maintained 
in  a  conductor? 

4.  What  is  meant  by  the  term  “direct  cur¬ 
rent”? 

5.  What  is  the  difference  in  meaning  when  a 
battery  is  described  as  having  a  volt  rating 
of  24  V  and  when  a  motor  is  described  as 
having  a  volt  rating  of  24  V? 

6.  What  is  the  volt  rating  of  most  household 
appliances? 

7.  What  is  the  volt  rating  of  a  dry  cell?  of  a 
storage  cell? 

8.  A  flashlight  bulb  is  rated  at  3.8  V.  What 
happens  if  you  operate  it  at  2.5  V? 

9.  What  happens  if  you  operate  a  3.8-V 
flashlight  bulb  at  6.3  V? 

1 0.  Two  light  bulbs,  A  and  B,  are  connected  in 
series  with  each  other  and  then  connected 
to  a  battery  which  consists  of  four  cells  in 
series.  Diagram  the  circuit. 

1 1 .  If  the  cells  of  Question  10  are  lead-acid 
storage  cells,  what  is  the  volt  rating  of  the 
battery? 

12.  In  the  circuit  shown,  which  lights  will  go 
out  if  a  switch  at  1  is  opened?  If  a  switch 
at  2  is  opened?  If  a  switch  at  3  is  opened? 


A 


13.  Considering  the  four  parts  of  the  circuit  of 
Question  12  to  be  the  three  lamps  and  the 
battery,  which  two  are  certain  to  have  the 
same  current? 


14.  Which  two  parts  of  the  circuit  in  Question 
12  are  certain  to  have  the  same  potential 
difference  between  their  terminals? 


Problems 


-1.  A  typical  flashlight  cell  normally 
maintains  a  potential  difference  of  about 
1.25  V  across  its  terminals.  How  many  cells 
in  series  are  needed  to  operate  a  flashlight 
lamp  rated  at  6.3  V? 

/2.  If  you  have  one  6-V  lamp  using  5  A 
and  another  one  using  8  A,  how  would  you 
design  a  circuit  using  eight  1.5-V  dry  cells  so 
that  each  lamp  would  burn  with  normal 
brilliance? 

t/  3.  A  hot-rod  enthusiast  is  converting  an 
old  car  with  a  6-V  electrical  system  into  one 
with  a  12-V  system.  In  the  interest  of  econ¬ 
omy,  how  can  he  make  effective  use  of  his  old 
6-V  lamps? 

j  4.  Draw  a  diagram  for  a  circuit  using 
five  lamps  connected  in  parallel.  Provide  one 
switch  which  controls  only  lamp  No.  1,  a 
second  switch  which  controls  lamps  No.  2, 
No.  3,  and  No.  4,  and  a  third  switch  which 
controls  all  five  lamps. 


Discussion  Questions 


1 .  What  would  happen  if  the  electric  field  in 
Fig.  ll-2a  were  in  an  insulating  material 
rather  than  in  a  conductor?  Is  it  accurate 
to  say  that  an  electric  field  could  exist  in 
such  a  material?  Explain  the  behavior  of 
electrons  in  the  insulator. 

2.  How  would  a  flashlight  operate  if  you  in¬ 
serted  the  cells  with  their  brass  tips  touch¬ 
ing?  How  would  you  interpret  this,  know¬ 
ing  that  a  series-connected  battery  maintains 
a  potential  difference  equal  to  the  sum  of 
those  of  its  individual  cells? 

3.  What  would  be  the  result  if  you  connected 
a  1.5-V  dry  cell  and  a  2-V  storage  cell  in 
parallel  with  their  positive  terminals  to¬ 
gether? 
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11-6  Some  materials  oppose  the  flow 
of  electrons  more  than  others.  It  is  evi¬ 
dent  that  the  volt  rating  —  the  potential 
difference  maintained  at  the  terminals  — 
of  a  source  of  electric  energy  influences  the 
magnitude  of  current  in  a  circuit.  This  can¬ 
not  be  the  only  determining  factor,  or  all 
circuits  containing  12-volt  batteries  would 
have  identical  currents.  Another  determin¬ 
ing  factor  is  the  nature  of  the  connecting 
wires  and  the  loads  which  make  up  the 
circuit. 

As  you  have  learned,  some  materials  do 
not  obstruct  the  flow  of  free  electrons  as 
much  as  others.  In  electricity  the  property 
of  a  substance  that  opposes,  or  limits,  the 
flow  of  electric  charge  through  it  is  called 
its  resistance.  The  resistance  of  a  part  of 
a  circuit  depends  on  the  nature  of  the  ma¬ 
terial  of  which  it  is  made,  its  physical  di¬ 
mensions,  and  its  temperature.  A  resistor 
is  a  part  or  component  of  a  circuit  which  is 
intentionally  designed  to  possess  resistance. 

Oddly  enough,  the  terms  resistor  and 
conductor  often  are  used  to  describe  the 
same  thing!  Usually  when  a  part  of  a  cir¬ 
cuit  is  used  to  provide  a  path  for  the  move¬ 
ment  of  charge,  it  is  called  a  conductor. 
Thus  connecting  wires  are  conductors;  they 
are  designed  to  have  low  resistance,  al¬ 


though  it  is  never  zero.  On  the  other  hand, 
when  resistance  is  inserted  in  a  circuit  de¬ 
liberately  to  limit  current,  or  for  some  simi¬ 
lar  purpose,  the  specific  part  is  called  a 
resistor. 


Do  It  Now 


Resistance  is  the  property  of  an  object  which 
opposes  electron  flow;  conductance  is  the  prop¬ 
erty  which  permits  electron  flow.  Obviously, 
these  two  words  are  just  opposite  ways  of  ex¬ 
pressing  the  same  idea.  Examine  the  definition 
of  a  resistor  above,  and  make  a  corresponding 
definition  of  a  conductor. 

1 1-7  Physical  dimensions  affect  re¬ 
sistance.  To  understand  the  effects  of  phys¬ 
ical  size  on  resistance,  look  at  Fig.  ll-5a. 
The  two  conductors  have  identical  material 
and  cross-sectional  area;  they  differ  only  in 
length.  Conductor  B,  which  is  twice  as  long 
as  A,  acts  just  like  two  lengths  of  conductor 
A  connected  end  to  end.  Therefore,  the  re¬ 
sistance  of  conductor  B  is  twice  that  of 
conductor  A.  In  general,  other  things  being 
equal,  the  resistance  of  a  conductor  is  di¬ 
rectly  proportional  to  its  length. 


Figure  11-5  a.  Conductor  B  is  the  same  as  Conductor  A,  except  that  it  is  twice  as  long. 
For  this  reason,  electrons  encounter  twice  as  much  resistance  going  through  h  as  going 
through  A.  This  shows  that  resistance  is  directly  proportional  to  length. 


B 


b.  Conductor  C  is  the  same  as  Conductor  A,  except  that  (  has  twice  the  cross-sectional 
area  of  A.  For  this  reason,  C  has  twice  as  many  electrons  per  unit  length  and  therefore 
has  only  half  as  much  resistance  to  electric  current  as  .4  has. 
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Conductors  A  and  C  in  Fig.  ll-5b  are 
of  identical  material  and  length,  but  C  has 
a  cross-sectional  area  twice  as  great  as  that 
of  A.  Conductor  C  has  twice  as  many  free 
electrons  per  unit  length  as  does  A,  so  the 
total  resistance  of  C  is  one-half  that  of  A. 
In  general,  other  things  being  equal,  the 
resistance  of  a  conductor  is  inversely  pro¬ 
portional  to  its  cross-sectional  area. 


Do  It  Now 


Electric  currents  are  often  compared  to  water 
currents,  but  the  analogy  is  misleading  in  many 
respects.  A  better  comparison,  although  not  a 
perfect  one,  is  between  a  flow  of  electrons  in  a 
conductor  and  a  flow  of  automobiles  on  a 
highway.  Describe  a  traffic  situation  which 
illustrates  how  current  (of  cars)  depends  on 
the  cross-sectional  area  of  the  “conductor.” 

11-8  Temperature  affects  resistance. 

In  almost  all  materials,  resistance  increases 
with  the  temperature,  and  this  change  in 
resistance  is  very  nearly  proportional  to 
the  number  of  degrees  in  change  of  tem¬ 
perature.  The  resistance  of  an  object  ap¬ 
proaches  zero  as  its  temperature  approaches 
absolute  zero.  Carbon,  one  of  the  interest¬ 
ing  exceptions  to  this  relationship,  decreases 
in  resistance  when  the  temperature  in¬ 
creases. 

The  variation  of  resistance  with  tempera¬ 
ture  changes  is  a  nuisance  in  electric  meas¬ 
uring  instruments.  In  an  effort  to  overcome 
this,  scientists  have  developed  conductors 
whose  variation  in  resistance  with  tem¬ 
perature  changes  is  negligible.  For  exam¬ 
ple,  manganin,  an  alloy  of  copper,  manga¬ 
nese,  and  nickel,  changes  resistance  less 
than  1  part  per  100,000  for  each  degree 
Celsius  of  temperature  change. 

11-9  Ohm's  law  relates  current,  po¬ 
tential  difference,  and  resistance.  Since 
the  electric  resistance  in  a  circuit  is  so  im¬ 


portant  in  determining  the  intensity  of  elec¬ 
tron  flow,  it  is  clear  that  resistance  is  very 
important  in  the  quantitative  aspects  of 
electricity.  It  must  have  been  realized 
very  early  that,  other  things  being  equal, 
an  increase  of  resistance  in  a  circuit  was  ac¬ 
companied  by  a  decrease  in  current.  A  pre¬ 
cise  statement  of  this  relationship  had  to 
await  the  development  of  reasonably  reli¬ 
able  measuring  instruments.  In  the  1820’s 
Georg  Simon  Ohm,  a  German  schoolteacher, 
found  that  the  current  in  a  circuit  was 
directly  proportional  to  the  potential  dif¬ 
ference  producing  the  current,  and  inversely 
proportional  to  the  resistance  limiting  the 
current.  Expressed  mathematically: 


where  I  is  current,  V  is  potential  difference, 
and  R  is  resistance. 

This  basic  relationship  bears  the  name  of 
the  man  most  responsible  for  its  formula¬ 
tion;  it  is  called  Ohm’s  law- 


11-10  The  ohm  is  a  unit  of  electrical 

resistance.  Replace  the  proportionality 
sign  in  Ohm’s  law  by  an  equals  sign: 


Now  solve  for  R: 


In  this  form  Ohm’s  law  defines  the  unit  of 
electrical  resistance.  The  resistance  of  a 
conductor  is  1  ohm  (ft,  the  Greek  letter, 
omega )  if  it  permits  a  current  of  1  ampere 
to  exist  when  a  potential  difference  of  1 
volt  is  maintained  across  the  resistance. 


R  (in  ohms) 


V  (in  volts) 

/  (in  amperes) 


Therefore,  1  ohm  =  1  volt/ ampere. 
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11-11  Ohm’s  law  has  many  practical 
applications.  No  mathematical  relationship 
is  employed  more  often  in  electric  circuits 
than  Ohm’s  law.  Because  it  relates  three 
fundamental  concepts  in  electricity,  it  helps 
physicists  and  electricians  solve  many 
problems. 


Do  It  Now 


Conductance  is  the  opposite  of  resistance. 
Mathematically,  one  is  the  reciprocal  of  the 
other.  The  unit  of  conductance,  appropriately 
enough,  is  the  mho,  ohm  spelled  backwards! 
What  is  the  conductance  of  a  20-ohm  resistor? 
Of  a  0.1-ohm  resistor?  Of  a  1-ohm  resistor? 

11-12  Ohm’s  law  has  limitations.  In 

spite  of  the  usefulness  of  Ohm’s  law,  it  has 
definite  limitations.  Among  these  are: 

1.  Ohm’s  law  applies  only  to  solids,  not 
to  ionized  liquids  and  gases. 

2.  Ohm’s  law  must  take  into  considera¬ 
tion  any  temperature  changes.  This 
is  particularly  important  since  all  re¬ 
sistors  grow  warmer  when  electrons 
flow  through  them. 

3.  Ohm’s  law  must  be  modified  for  use 
in  alternating-current  circuits. 

4.  Some  combinations  of  materials  con¬ 
duct  charges  better  in  one  direction 
than  in  the  other. 

The  limitations  of  Ohm’s  law  are  well  ex¬ 
plained  by  advanced  theories  of  the  struc¬ 
ture  of  matter.  The  law,  like  Boyle’s  law 
should  be  regarded  as  an  empirical  state¬ 
ment  whose  value  is  enhanced  when  its 
limitations  are  recognized. 

11-13  Ohm’s  law  is  related  to  rules 
of  personal  safety.  You  probably  have 
felt  an  electric  shock.  Fortunately,  these 
rarely  are  strong  enough  to  cause  pain. 
However,  electric  energy,  even  at  low  po¬ 
tential  differences,  can  be  dangerous. 


An  electric  potential  difference  itself  does 
no  harm,  except  at  hundreds  of  thousands 
of  volts.  The  pain  and  the  danger  are  due 
to  the  current  which  the  potential  difference 
produces  in  the  body.  A  small  fraction  of 
an  ampere  can  kill  a  person  if  the  current 
is  in  vital  organs.  How  much  potential  dif¬ 
ference  can  produce  lethal  current?  This 
can  be  understood  in  terms  of  Ohm’s  law 
and  the  resistance  of  the  body. 

The  degree  to  which  the  body  conducts 
electric  charge  depends  on  the  body’s  con¬ 
dition.  Internal  flesh  is  very  moist,  an  elec¬ 
trolyte,  and  a  good  conductor  of  electricity, 
while  the  dry  outer  layers  of  skin  are  fair 
insulators.  As  a  rule,  there  is  enough  re¬ 
sistance  on  your  dry  skin  to  limit  current 
to  a  safe  intensity  if  the  potential  difference 
is  not  too  great.  With  normally  dry  skin, 
you  cannot  even  feel  12  volts,  and  a  poten¬ 
tial  difference  of  twice  that  scarcely  tingles. 
But  if  the  skin  is  moist,  even  such  a  low 
potential  difference  can  produce  a  nasty 
shock. 

Every  year  many  persons  in  North 
America  are  killed  by  120-volt  electric 
circuits.  Usually  this  is  caused  by  careless¬ 
ness  or  ignorance.  Often  these  victims  are 
standing  in  a  bathtub  or  with  wet  shoes  on  a 
concrete  floor  or  are  holding  a  faucet  with 
wet  hands,  when  the  accident  occurs.  One 
man  was  killed  by  a  32-volt  storage  battery 
while  standing  knee-deep  in  water  and 
grasping  a  “hot”  wire  firmly  with  both 
hands! 


Self  Check 


1 .  What  is  the  relation  between  current,  poten¬ 
tial  difference,  and  resistance  in  a  circuit? 

2.  What  factors  affect  the  electric  resistance 
of  an  object? 

3.  How  does  Ohm’s  law  provide  a  mathe¬ 
matical  definition  for  the  unit  of  electric 
resistance? 
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4.  Why  is  it  useful  to  know  the  limitations  of 
Ohm’s  law?  What  are  they? 

5.  The  resistance  of  a  wire  is  12  Cl.  What 
would  be  the  resistance  of  an  identical  wire 
with  a  diameter  three  times  as  great? 

6.  The  resistance  of  a  wire  is  12  Q.  What 
would  be  the  resistance  of  an  identical  wire, 
three  times  as  long? 

7.  A  current  of  3  amperes  flows  when  a  re¬ 
sistor  is  connected  across  a  12-volt  battery. 
What  is  the  resistance  of  this  resistor? 

8.  An  electric  toaster  has  a  resistance  of  12  Cl 
when  it  is  hot.  What  current  will  it  permit 
when  connected  to  a  120-volt  line? 

9.  When  the  toaster  in  Question  8  is  first 
turned  on,  will  it  permit  more,  less,  or  the 
same  current  as  when  it  is  hot? 


Problems 


Make  a  diagram  to  illustrate  the  problem 
whenever  this  is  helpfid. 

1  •  The  resistance  of  a  wire  is  10  Cl. 
What  is  the  resistance  of  a  wire  of  identical 
material  that  is  (a)  one-half  as  long;  (b)  one- 
quarter  as  great  in  diameter;  (c)  twice  as  long, 
with  one-half  of  the  diameter? 

2.  A  simple  circuit  operating  from  a  24-V 


battery  contains  a  total  of  120  Cl  resistance. 
What  is  the  current? 

3.  It  is  desired  to  have  a  current  of  8.0  A 
in  a  load  whose  resistance  is  50  fi.  What  poten¬ 
tial  difference  is  required? 

4.  A  bathroom  heater  draws  15  A  when 
operating  from  a  120-V  line.  What  is  its  re¬ 
sistance  while  operating? 

/  5.  One  type  of  flashlight  dry  cell  is  tested 
at  the  sales  counter  by  connecting  a  heavy 
wire  momentarily  across  its  terminals  and 
measuring  the  current.  If  the  current  is  7  A, 
the  cell  is  considered  to  be  in  perfect  shape. 
If  these  cells  have  a  volt  rating  of  1.55  V,  what 
is  the  internal  resistance  of  such  a  cell? 


Discussion  Questions 


1 .  A  section  of  moist  earth  an  inch  in  diameter 
and  a  yard  long  has  a  resistance  of  a  few 
ohms.  Why,  then,  is  the  resistance  between 
two  pipes  driven  into  the  ground  a  mile 
apart  extremely  small? 

2.  The  resistance  of  a  certain  resistor  varies 
greatly  with  change  in  temperature.  De¬ 
sign  a  circuit  that  could  use  such  a  resistor 
as  a  temperature-measuring  device.  Sug¬ 
gest  one  or  two  useful  applications  for  such 
an  arrangement. 


Resistors  in  Series  and  in  Parallel 


11-14  Resistors  are  sometimes  con¬ 
nected  in  series.  Students  often  think  that 
potential  difference  exists  only  across  the 
terminals  of  a  source  of  electric  energy. 
The  simple  circuit  of  Fig.  11-6  shows  that 
this  is  not  the  case.  Here  the  battery  gives 
energy  to  a  charge  carried  across  its  po¬ 
tential  difference,  just  as  you  might  give 
energy  to  a  rock  by  carrying  it  uphill.  Then 
the  charge  travels  “downhill”  through  the 
resistor,  converting  the  energy  to  heat.  If  a 
charge  of  1  C  goes  “uphill”  through  a  12- V 
potential  difference  in  the  battery,  it  gains 


12  J  of  energy.  Then  it  goes  down  through 
a  12- V  potential  difference  in  the  resistor, 
giving  up  12  J  of  energy. 


Figure  11-6  Here  it  is  evident  that  the  poten¬ 
tial  difference  across  the  load  is  the  same 
as  the  potential  difference  maintained  by  the 
energy  source. 
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Figure  1 1-7  This  diagram  shows  a  circuit  with 
resistors  in  series. 


The  situation  in  Fig.  11-7  is  somewhat 
more  complex.  Here  the  battery  pushes  the 
charge  “uphill”  through  a  potential  differ¬ 
ence  of  V  volts.  Then  the  charge  comes 
“downhill”  in  three  stages,  first  through  Rx, 
then  through  R2,  and  finally  through  R3.  If 
you  knew  the  current  in  the  circuit,  you 
could  use  Ohm’s  law  to  calculate  the  down¬ 
hill  potential  difference  across  each  of  the 
resistors.  The  same  current  exists  in  each 
resistor,  since  there  is  no  other  possible 
path.  Therefore  the  three  potential  differ¬ 
ences  are  IRly  IR2,  and  ZR3.  The  potential 
difference  across  a  resistor  frequently  is 
referred  to  as  the  IR  potential  difference,  or 
the  IR  drop. 

The  total  IR  drop  across  the  three  re¬ 
sistors  of  Fig.  11-7  must  be  V  volts.  Ex¬ 
pressed  mathematically: 

V  =  IRi  +  IR2  +  IR3 

If  Rt  is  the  total  resistance  of  the  group 
of  resistors,  then  V  also  is  equal  to  IRT. 
Therefore: 

IRt  —  IRi  4“  IR2  T~  IR3 
Divide  by  I: 


11-15  Resistors  are  sometimes  con¬ 
nected  in  parallel.  Figure  11-8  illustrates 
a  circuit  with  resistors  in  parallel.  Here  the 
total  current  from  the  battery  splits  among 
the  three  resistor  paths.  Think  of  a  charge 
that  travels  through  Rt.  It  went  up  V  volts 
when  it  passed  through  the  battery.  There¬ 
fore  it  must  go  down  V  volts  in  Riy  since  it 
does  not  pass  through  any  other  resistor  on 
its  way  back  to  the  battery.  By  a  similar 
line  of  reasoning,  the  potential  drop  across 
R2  and  R3  must  also  be  V  volts.  Whenever 
resistors  are  connected  in  parallel,  the  po¬ 
tential  drop  across  each  resistor  is  the  same. 


Figure  11-8  This  diagram  shows  a  circuit  with 
resistors  in  parallel. 

Ohm’s  law  can  be  used  to  find  the  current 
in  each  resistor: 

F  _  V_  _  V_ 

U  ~  Rt  5  2  “  R2  ;  3  ”  Rz 

The  total  current  in  the  wire  leading  to  the 
parallel  group  must  be  the  sum  of  the  three: 

_  _F  _F  JF 
It  ~  Rx  +  R2  +  R3 


Rt  —  R 1  +  R  2  +  R  3 

From  this  reasoning,  you  can  see  that  when 
resistors  are  connected  in  series,  the  total 
resistance  is  equal  to  the  sum  of  the  indi¬ 
vidual  resistances. 


But  IT  =  —  •  Substituting: 

IX  T 


Rt 


V_  V_  _F 
~RX  +  R2  +  Rs 
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Divide  both  sides  by  V: 

J _ 1_  J_  J_ 

Rt  Ri  R2  R3 

This  equation  is  used  to  find  the  total 
resistance  of  a  group  of  resistors  connected 
in  parallel,  as  shown  in  Example  1. 


The  total  resistance  of  the  parallel  net¬ 
work  is  less  than  that  of  any  of  the  resistors 
which  form  it,  because  three  conductors  in 
parallel,  as  in  the  example,  provide  three 
paths  for  the  current.  The  effect  is  the  same 
as  if  you  supplied  a  wire  with  a  greater 
cross-sectional  area.  Since  resistance  is  re¬ 
duced  when  the  cross-sectional  area  of  a 
wire  increases,  the  total  resistance  of  the 
parallel  group  should  be  less  than  that  of 
any  of  its  individual  resistors. 


EXAMPLE  1 

What  is  the  resistance  of  the  network  shown? 
Given:  Four  resistors  connected  as  shown. 


60 


A/W 

100 
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150 
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To  find:  -^totai 

Solution:  For  the  parallel  part  of  the  network: 


R 


R 1 


R2  R3 


11-16  The  polarity  of  an  IR  drop  can 
be  determined.  When  computing  the  IR 
drop  across  a  circuit  component,  it  is  often 
useful  to  know  which  end  of  the  component 
is  negative  with  respect  to  the  other  end. 
You  can  understand  this  through  a  simple 
thought  experiment.  First  cover  Fig.  ll-9b 
and  look  only  at  Fig.  ll-9a.  Here  is  a  re¬ 
sistor  whose  current  is  due  to  the  energy 
source  —  possibly  a  single  cell  —  in  the 
black  box.  A  suitable  instrument  shows 
that  the  left  end  of  the  resistor  is  negative 
with  respect  to  the  other.  Surely,  then,  the 
left  terminal  of  the  black  box  also  is  nega¬ 
tive  with  respect  to  the  right  terminal.  The 
contents  of  the  black  box  must  be  as  shown 
in  Fig.  ll-9b.  Electrons  flow  in  a  clockwise 
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Hence  the  parallel  network  is  equivalent  to  a  single 
resistor  of  3ft.  This  is  in  series  with  the  9ft-resistor: 

^ total  =  Rl  T"  R2 

=  3ft  T  9ft  =  1  2ft,  Answer 


Figure  11-9  These  figures  accompany  the 
thought  experiment  of  Section  11-16.  They 
help  explain  the  fact  that  the  end  of  a  load 
(or  a  part  of  a  load)  at  which  electrons  enter 
is  negative  with  respect  to  the  end  from 
which  electrons  leave. 
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direction  in  this  circuit.  Since  they  are  re¬ 
pelled  by  the  negative  terminal  of  the  cell, 
they  go  through  the  load  and  back  to  the 
cell’s  positive  terminal. 

Now  you  can  see  the  relationship  be¬ 
tween  the  direction  of  electron  flow  and  the 
polarity  of  the  IR  drop.  This  polarity  in 
any  portion  of  a  load  is  such  that  the  point 
where  electrons  enter  the  load  component 
is  negative  with  respect  to  the  point  where 
electrons  leave  it. 


11-17  Kirchhoff’s  rules  are  used  to 
analyze  circuits.  Study  Fig.  11-10.  Some  of 
the  electrons  approaching  junction  X  go  off 
toward  Y,  and  some  go  toward  Z.  Since  no 
electrons  are  added  or  lost  at  X,  it  follows 
that  current  a  equals  the  total  of  current  b 
and  current  c.  That  is,  the  total  current  en¬ 
tering  a  point  in  a  circuit  equals  the  total 
current  leaving  that  point.  Or,  at  any  point 
in  a  circuit,  the  algebraic  sum  of  current 
approaching  and  leaving  is  zero.  This  im¬ 
portant  relationship  is  known  as  Kirch¬ 
hoff’s  first  rule.  Kirchhoff  was  a  German 
pioneer  of  electric  circuit  analysis  in  the 
mid-1800’s. 

This  rule  assumes  that  the  currents  in¬ 
volved  have  been  given  an  algebraic  sign 
corresponding  to  their  direction.  Thus, 
current  toward  the  point  in  question  might 
be  considered  as  positive,  and  current  away 
from  the  point,  negative. 

Kirchhoff’s  second  rule  is  illustrated  by 
Fig.  11-11  which  is  similar  to  Fig.  11-7.  Po¬ 
larity  symbols  have  been  added  to  the  three 
parts  of  the  load.  The  +  and  —  signs, 
side  by  side  at  points  B  and  C,  indicate 
that  point  B  is  +  with  respect  to  A,  but  — 
with  respect  to  C.  This  is  much  like  saying 
that  a  table  top  is  higher  than  the  floor,  and 
at  the  same  time  lower  than  the  ceiling. 

Pretend  to  travel  clockwise  around  the 
circuit.  If  a  negative-to-positive  potential 
difference  is  considered  forward,  each  of 
the  potential  differences  in  the  resistors  is 


Figure  11-10  Current  a  splits  to  form  current 
b  and  current  c.  This  illustrates  Kirchhoff's 
first  rule:  At  any  point  in  a  circuit  the  alge¬ 
braic  sum  of  the  currents  entering  and  leaving 
the  point  is  zero. 

forward.  Similarly,  the  potential  difference 
of  the  battery  is  backward.  Notice  that  the 
sum  of  the  forward  potential  differences 
(4  volts,  3  volts,  and  5  volts)  equals  the 
total  backward  potential  difference.  If  the 
forward  potential  differences  are  called  posi¬ 
tive;  and  the  backward  ones,  negative,  then: 
In  any  closed  loop  of  a  circuit,  the  alge¬ 
braic  sum  of  the  potential  differences  is 
zero,  or,  5  potential  differences  =  0. 

The  situation  in  the  circuit  in  Fig.  11-11 
can  also  be  understood  in  terms  of  electric 
energy.  Each  coulomb  of  charge  which 
the  12-volt  battery  delivers  has  12  J  of  en¬ 
ergy.  As  each  coulomb  passes  through  each 
of  the  load’s  three  resistors,  it  gives  up  4  J, 
3  J,  and  5  J  of  energy,  respectively. 

Figure  11-11  This  diagram  illustrates  Kirch¬ 
hoff's  second  rule:  In  a  closed  loop  of  a 
circuit  the  algebraic  sum  of  the  potential 
differences  is  zero.  The  solid  arrows  indicate 
direction  of  electron  flow. 


264 


CHAPTER  ELEVEN 


Figure  11-12  This  circuit  shows  how  Kirch- 
hoff's  second  rule  applies  to  an  open  circuit  as 
well  as  to  a  closed  loop.  The  voltmeter  at 
lower  left  indicates  that  point  X  is  12V 
positive  with  respect  to  point  Y. 

Even  a  nonoperating  circuit  (Fig.  11-12) 
is  subject  to  analysis  by  Kirchhoff’s  second 
rule.  Because  no  current  exists  in  the  re¬ 
sistors,  the  IR  drop  in  them  is  zero.  Since 
KirchhofFs  rule  holds  here,  the  potential 
difference  across  the  open  switch  must  be 
12  volts,  with  the  polarity  as  indicated.  A 
voltmeter  placed  across  the  switch  terminal 
would  show  that  this  is  indeed  the  case. 


11-18  The  resistance  of  circuit  wiring 
must  be  considered.  In  the  circuits  con¬ 
sidered  so  far,  the  resistance  of  the  con¬ 
necting  wires  themselves  has  been  as¬ 
sumed  to  be  zero.  In  circuits  which  cover 
small  distances  the  wire,  or  “line,”  resistance 
usually  is  negligible.  This  is  not  the  case, 
however,  in  fairly  large-scale  circuits. 

Suppose  a  120-volt  generator  is  used  to 
light  a  lamp  that  is  deep  in  a  mine  1200  ft 
away.  If  each  conductor  has  a  resistance 
of  0.5  ft/100  ft,  then  each  conductor  has 
a  total  resistance  of  6  Cl  and  the  equivalent 
circuit  is  as  shown  in  Fig.  11-13.  If  the 
current  is  1.5  amperes,  then  there  is  a 
9-volt  IR  drop,  or  line  drop,  in  each  con¬ 
ductor,  as  in  the  diagram.  As  a  result,  the 
potential  difference  across  the  lamp  termin¬ 
als  is  120  volts  —  (9  volts  X  2)  =  102  volts. 
As  a  result  the  lamp  glows,  but  only  dimly. 

While  the  example  above  is  a  somewhat 
extreme  case,  that  in  Fig.  11-14  is  very  com¬ 
mon.  The  house  wiring  from  the  com¬ 
munity  electric  supply  to  the  appliance  is 
of  No.  14  copper  wire  and  is  80  ft  long.  The 


Figure  11-13  A  complete  analysis  of  a  circuit  must  include  the  resistance  of  the  wires. 
Sometimes  this  can  be  ignored.  In  long  circuits,  such  as  that  illustrated  below,  the  IR  drop 
in  the  leads  may  be  great  enough  to  produce  noticeable,  even  troublesome,  effects. 
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Figure  11-14  These  diagrams  help 
to  explain  how  the  IR  drop  in  a 
supply  line  may  be  noticeable 
when  the  current  drawn  is  rela¬ 
tively  large. 


Refrigerator  motor  is 
disconnected;  total 
current  is  only  1 .5  A. 


Refrigerator  motor 
is  connected;  total 
current  is  now  1  1 .5  A. 


resistance  of  such  wire  is  about  0.0025  fi/ ft, 
which  is  about  0.20  in  each  conductor. 
If  the  lamp  draws  1.5  amperes,  the  poten¬ 
tial  difference  over  the  length  of  each  80-ft 
line  is  0.3  volts.  Therefore,  the  potential 
difference  across  the  kitchen  lamp  is  not 
120.0  volts  but  120.0  volts  —  0.6  volts  = 
119.4  volts.  The  fall  of  potential  due  to  line 
drop  in  this  case  is  so  small  as  to  be  un- 
noticeable  and  unimportant. 

But  now  suppose  the  refrigerator  motor 
starts.  For  the  first  half  second  or  so,  while 
it  is  picking  up  speed,  it  may  draw  as  much 
as  10.0  amperes.  During  that  time,  the  total 
current  in  the  line  is  11.5  amperes,  and  the 
total  line  drop  is  IR  =  11.5  X  0.20  X  2  =  4.6 
volts.  While  the  motor  is  starting,  the  po¬ 
tential  difference  supplied  to  the  motor  and 
lamp  is  only  115.4  volts.  This  loss  in  po¬ 
tential  difference  is  large  enough  to  pro¬ 
duce  a  noticeable  dimming  of  the  kitchen 
light  momentarily.  As  soon  as  the  motor 
is  at  full  speed,  it  draws  less  current,  and 
the  light  glows  brightly  again. 

For  a  similar  reason  the  potential  dif¬ 
ference  available  for  appliances  is  often 
reduced  at  night,  when  current  drawn  is 
large  and  IR  drop  in  the  line  is  relatively 
large. 


11-19  The  internal  resistance  of  the 
energy  source  is  important.  Up  to  this 
point  it  has  been  assumed  that  a  chemical 
cell  maintains  a  potential  difference  across 
its  terminals  without  affecting  the  circuit 
in  any  other  way.  In  particular,  no  mention 
has  been  made  of  any  resistance  inside  the 
cell  itself.  Actually,  of  course,  electric 
charges  do  flow  within  the  solids  and  liquids 
of  the  cell.  These  materials  offer  substan¬ 
tial  resistance  to  current,  particularly  in 
small  cells.  The  behavior  of  circuits  can 
be  understood  well  only  if  the  internal 
resistance  of  chemical-electric  cells  and 
mechanical-electric  generators  is  taken  into 
account. 

Figure  11-15  suggests  a  useful  way  of 
thinking  of  the  internal  resistance  of  a  dry 
cell  —  as  a  small  but  definite  resistance 


Figure  11-15  Every  energy 
source  has  internal  resistance. 
It  is  useful  to  think  of  the  in¬ 
ternal  resistance  of  a  cell,  as 
shown  here,  as  a  small  resistor 
Ri  which  cannot  be  removed. 


266 


CHAPTER  ELEVEN 


which  cannot  be  removed.  The  internal 
resistance  in  generators  and  lead-acid  stor¬ 
age  cells  is  extremely  small  —  often  negli¬ 
gible.  In  new  dry  cells  it  may  be  a  few 
hundredths  of  an  ohm.  As  a  dry  cell  is  used, 
its  internal  resistance  increases  and  ap¬ 
proaches  a  large  fraction  of  an  ohm  by  the 
time  the  cell  is  discarded. 

The  effect  produced  by  the  internal  re¬ 
sistance  of  a  cell  is  illustrated  in  the  circuit 
in  Fig.  11-16.  Note  that  the  total  resistance 
—  internal  plus  external  —  of  the  circuit  is 
3.02  f 2.  From  Ohm’s  law,  the  current  in 
the  circuit  is: 

I  =  V/R  =  1 .50  V/3.02A  =  0.497  A 

The  potential  difference  across  the  internal 
resistance  of  the  cell  is: 

V  =  IR  =  0.497  A  X  0.02012 
=  0.0099  V  =  0.01  V  (approx.) 

According  to  Kirchhoff’s  second  rule,  the 
sum  of  the  potential  differences  around  a 
closed  loop,  in  this  case  the  entire  circuit, 
is  zero.  That  is: 

potential  difference  produced  I 
by  chemical  action  within  cell) 

{potential  difference  across) 
internal  resistance  of  cell] 

—  potential  difference  across  load  =  0 

Notice  that  the  potential  difference  gen¬ 
erated  by  chemical  action  is  considered  as 
opposite  to  the  potential  differences  across 
internal  and  external  resistances.  Substi¬ 
tuting  known  quantities  into  this  relation: 

1.50  V  -  0.01  V 

—  potential  difference  across  load  =  0 

From  this  you  can  see  that  the  potential 
difference  maintained  across  the  load  ter¬ 
minals  is  actually  only  1.49  volts.  Further¬ 
more,  this  is  also  the  potential  difference 
maintained  across  the  cell’s  terminals  while 
it  is  delivering  this  quantity  of  current.  If 
the  current  drain  is  larger  or  the  internal 


resistance  of  the  cell  greater,  the  result  is 
more  pronounced.  See  Example  2. 


EXAMPLE  2 

A  cell  whose  chemical  action  provides  a  potential 
difference  of  1.10  V  has  an  internal  resistance  of 
0.1 5£2.  What  is  the  potential  difference  across  the 
internal  resistance  when  the  current  is  3.0  A?  What 
potential  difference  does  the  cell  maintain  across 
its  terminals  under  these  conditions? 

Given:  7=1.10V  R  =  0.1512 

I  =  3.0  A 

To  find:  Vi  and  Fterm 

Solution:  F,  =  IR 

=  3.0  A  X  0.1512 
=  0.45  V,  Answer 

V .  =  V  ,  —V. 

v  term  r  emf  r  i 

=  1.10  V  -  0.45  V 
=  0.65  V,  Answer 


11-20  Electromotive  force  is  closely  re¬ 
lated  to  potential  difference.  If  a  1-C 

charge  goes  through  a  load  across  which  is 
a  potential  difference  of  3  volts,  the  charge 
loses  3  J  of  energy.  If  it  goes  through  a 
3-volt  battery,  it  gains  3  J  of  energy.  Both 
the  load  and  the  battery  have  3-volt  po¬ 
tential  differences,  but  the  load  takes  en¬ 
ergy  from  the  charge,  while  the  battery 
gives  it  energy. 

Each  of  these  uses  of  the  concept  of  po¬ 
tential  difference  is  correct.  A  closely  re¬ 
lated  term  often  confused  with  potential 
difference  when  speaking  of  energy  sources 
is  the  electromotive  force  (emf)  of  a  cell 
or  generator.  This  is  the  potential  differ¬ 
ence  actually  produced  by  the  chemical  or 
mechanical  action  of  the  cell  or  generator. 
In  Fig.  11-16,  the  emf  of  the  cell  is  the 
potential  difference  from  A  to  B,  which 
does  not  include  the  cell’s  internal  resist¬ 
ance.  When  a  cell  is  in  use,  the  potential 
difference  (not  the  emf)  maintained  across 
its  terminals  is  equal  to  the  emf  due  to 
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Figure  11-16  When  current  exists  in  the  cell 
of  this  circuit,  the  internal  IR  drop  is  about 
0.01  V.  Since  the  emf  of  the  cell  is  1.50  V, 
the  potential  difference  that  it  maintains  under 
this  load  condition  is  1 .49  V. 

chemical  action  minus  the  IR  drop  across 
the  internal  resistance  of  the  cell  ( between 
B  and  C  in  Fig.  11-16).  Using  KirchhofFs 
second  rule: 

-^^internal  -^external  0 

The  potential  difference  at  the  terminals 
of  a  cell  equals  the  cell’s  emf  only  if  the 
internal  resistance  is  zero  or  if  the  current 
is  zero.  Of  course,  internal  resistance  never 
can  be  zero.  However,  the  potential  dif¬ 
ference  at  the  cell  terminals  can  be  meas¬ 
ured  without  drawing  current  from  the 
cell;  under  these  circumstances  tho  poten¬ 
tial  difference  at  the  terminals  is  equal  to 
the  emf  of  the  cell.  This  is  sometimes  called 
the  no-load  or  open-circuit  potential  dif¬ 
ference  of  the  cell. 

The  concept  of  emf  can  be  used  to 
describe  the  action  of  electric  cells  or  other 
energy  sources.  It  is  NOT  proper  to  use 
the  term  in  referring  to  the  potential  dif¬ 
ference  across  a  load  or  across  a  part  of 
a  load. 


Self  Check 


1.  A  10-12  resistor  and  an  8-0  resistor  are 
connected  in  series.  What  is  the  resistance 
of  the  two  combined? 

2.  The  two  resistors  of  Problem  1  are  now 
connected  in  parallel.  What  is  their  com¬ 
bined  resistance? 

3.  A  3.0-A  current  passes  through  a  6.0-0 
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resistor.  What  is  the  potential  difference 
across  the  resistor  terminals? 

4.  A  resistor  has  two  terminals.  Electrons 
enter  at  A  and  leave  at  B.  Which  is  nega¬ 
tive  with  respect  to  the  other? 

5.  A  battery  has  two  terminals.  Electrons 
enter  at  A  and  leave  at  B.  Which  is  nega¬ 
tive  with  respect  to  the  other? 

6.  Which  of  the  following  expressions  mean 
the  same  thing:  IR  drop,  emf,  potential 
difference  across  a  resistor,  potential  differ¬ 
ence  across  battery  terminals? 

What  is  the  magnitude  and  direction  of  the 
current  in  the  fourth  wire  in  the  following 
diagram? 


Question  7 


2  V  l  V 


8.  What  is  the  potential  difference  across  R 
in  the  diagram  above? 

9.  Why  do  house  lights  dim  when  the  motor 
for  the  oil  furnace  starts? 

10.  The  emf  of  a  battery  is  12.0  V.  The  in¬ 
ternal  resistance  is  0.1  12.  What  is  the 
potential  difference  across  the  terminals 
when  the  current  is  2  A? 


Problems 


Make  a  diagram  to  show  each  circuit. 

1 .  What  is  the  effective  resistance  of  a 
series  network  made  up  of  two  75-12  resistors, 
one  25-12  resistor,  and  one  3-12  resistor?  Does 
the  order  in  which  these  are  connected  make 
any  difference? 

2.  If  a  certain  type  of  wire  has  a  re¬ 
sistance  of  4.0  12/ft.,  what  resistance  does  a 
40-ft  length  have?  How  is  this  an  application 
of  resistors  in  series  network? 

3.  Resistors  of  %  12,  Vt  12,  and  %  12,  re¬ 
spectively,  are  connected  into  a  parallel  net¬ 
work.  What  is  the  network  resistance? 

4.  Resistors  of  3  12,  4  12,  and  5  12,  respec¬ 
tively,  are  connected  into  a  parallel  network. 
What  is  the  network  resistance? 
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5.  Resistors  of  4.0  fi,  7.0  fi,  and  12.0  Cl, 
respectively  are  connected  into  a  parallel  net¬ 
work,  which  itself  is  connected  in  series  with 
a  4.0-Q  resistor  and  a  6.0-12  resistor.  What  is 
the  total  resistance? 

6.  In  Fig.  ll-3a,  the  battery  provides  a 
potential  difference  of  8  V,  and  the  current 
from  the  battery  is  0.5  A.  If  the  current 
through  the  lamp  at  Y  is  0.2  A,  what  is  the 
current  through  the  lamp  at  Z?  What  is  the 
potential  difference  across  Y?  across  Z? 

7.  In  Fig.  ll-3a  the  two  lamps  them¬ 
selves  form  a  closed  loop  without  a  battery. 
Apply  Kirehhoff’s  second  rule  to  this  loop. 

8.  In  Fig.  11— 3b,  when  the  switch  is 
closed  the  potential  difference  between  A  and 
B  is  6  V.  What  is  the  potential  difference  be¬ 
tween  B  and  C  if  the  battery  has  a  potential 
difference  of  8  V? 

9.  Your  house  is  400  ft  from  the  electric 
power  line,  which  delivers  electric  energy  at  a 
potential  difference  of  120  V.  Therefore,  you 
have  a  special  pair  of  feeder  wires  whose  total 
resistance  is  0.20  Cl.  Due  to  an  equipment 
failure  just  outside  your  house,  the  feeder  lines 
arc  and  draw  180  A.  What  is  the  potential 
difference  at  your  house  when  you  turn  on 
switches  and  draw  an  additional  20  A? 

1 0.  A  rule  of  thumb  which  electronics 
technicians  use  when  working  with  parallel 
networks  of  two  resistors  is  that  the  network 
resistance  equals  the  product  of  the  two  com¬ 
ponents  divided  by  their  sum.  Prove  that  this 
rule  of  thumb  is  mathematically  correct. 


11.  In  the  circuit  shown,  a  sensitive  am¬ 
meter  shows  zero  current  between  points  B 
and  D.  What  is  the  resistance  of  R? 


Discussion  Questions 


1 .  A  repairman  is  working  on  a  lamp.  With 
the  power  on,  he  measures  the  potential 
difference  across  the  terminals  of  the  fuse, 
the  terminals  of  the  switch,  and  those  of  the 
lamp  itself.  The  voltmeter  registers  0  in 
two  places,  but  shows  full  line  potential 
difference  when  connected  across  the  switch 
terminals,  even  though  the  switch  is  turned 
on.  He  immediately  seeks  a  replacement 
switch.  Why? 

2.  Explain  how  a  point  in  a  circuit  can  be 
positive  with  respect  to  another  point,  and 
yet  negative  with  respect  to  a  third  point. 


Computing  Electric 

11-21  Electric  power  is  computed  in 
familiar  units.  When  a  charge  moves  in  an 
electric  circuit,  it  does  work.  Usually  this 
results  in  heating  the  circuit  or  in  turning 
a  motor.  Often  it  is  desirable  to  know  the 
rate  at  which  the  work  is  done;  that  is, 
the  electric  power. 

As  you  have  learned,  potential  difference 

—  .  work  .  Therefore,  work  =  potential  dif- 
charge 


Power  and  Energy 


ference  X  charge.  Power  is  the  time  rate 
of  doing  work: 

work 

power  =  - 

time 


potential  difference  X  charge 

power  =  - 

time 


charge 

=  potential  difference  X  - 

time 
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But,  since  current  is  the  flow  of  charge  per 
unit  time,  current  can  be  substituted  for 
the  last  term.  Therefore, 

power  =  potential  difference  X  current 

P  =  VI 

If  potential  difference  is  measured  in 
volts;  and  current,  in  amperes;  then  the  unit 
of  power  is  the  volt  •  ampere,  which  can  be 
shown  to  be  the  same  as  the  watt: 

1  joule  1  coulomb 

1  volt  X  1  ampere  =  -  X - 

coulomb  second 

=  1  watt 

In  situations  where  the  units  of  the  power 
formula  are  unknown  or  are  not  those  de¬ 
sired,  the  formula  can  be  combined  with 
Ohm’s  law  to  solve  problems.  With  Ohm’s 
law  the  formula  for  power  can  be  expressed 
in  three  useful  forms: 

P  =  VI  =  i2r  =  v2/r 

11-22  Electric  energy  is  easily  com¬ 
puted.  Electric  power  is  the  rate  at  which 
energy  is  delivered  or  consumed  in  all  or 
part  of  a  circuit.  But  electric  services  are 


EXAMPLE  3 

An  electric  bathroom  heater  uses  1 2  amperes  at 
110  volts.  If  the  cost  of  electricity  is  2.5  cents  per 
kWh,  how  much  does  it  cost  to  operate  the  heater 
for  1  5  min? 

Given:  V  =  1  10  volts  t  =  15  min  =  0.25  h 

7=12  amperes 
cost-rate  =  2.5  cents/kWh 

To  find:  cost 

Solution:  energy  consumed  =  work  =  Pt  =  \  It 
=  110  volts  X  1  2  amperes  X  0.25  h 
=  330  Wh  =  0.33  kWh 
cost  =  cost-rate  X  time 

=  2.5  cents/kWh  X  0.33  kWh 
=  0.83  cents,  Answer 


bought  and  sold  not  in  terms  of  power,  but 
in  terms  of  energy  or  work.  The  concepts 
of  work  and  power  are  related  closely.  In 
electricity,  as  in  all  forms  of  energy,  power 
is  the  time  rate  of  doing  work. 

P  =  work /t,  or  work  —  Pt 

Applying  this  to  electricity,  work  in  joules 
is  equal  to  the  product  of  power  in  watts 
and  time  in  seconds.  Electric  energy  is  thus 
expressed  in  watt -seconds  (joules)  or  in 
watt •  minutes,  watt -hours,  etc.  In  today’s 
energy  market,  a  joule  is  a  small  unit  in¬ 
deed.  Hence  electric  energy  usually  is 
measured  in  watt  •  hour  and  kilowatt  •  hours. 
The  kilowatt  •  hour  ( kWh )  equals  a  thou¬ 
sand  watt  •  hours.  Study  Example  3. 

11-23  The  heat  produced  by  electric 
energy  is  determined  simply.  Many  elec¬ 
trical  appliances  are  devices  for  converting 
electric  energy  into  heat.  By  using  the 
mechanical  equivalent  of  heat,  you  can  de¬ 
termine  the  amount  of  heat  produced.  One 
joule  of  work  is  equivalent  to  0.24  calorie  of 
heat.  Study  Examples  4  and  5. 


EXAMPLE  4 

How  much  heat  is  produced  by  a  1  200-W  electric 
iron  in  30.0  min? 

Given:  P  =  1.200  XI 03  W 

t  =  30.0  min  =  1.80  X  1 03  sec 

To  find:  heat  produced 

Solution:  work  =  Pt 

=  1.200  X  103  W  X  1.80  X  1  03  sec 
=  2.16  X  106  J 

heat  =  0.24  —  X  2.16  X  106  J 

J 

=  5.2  X  1  0°  cal,  Answer 
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EXAMPLE  5 

How  long  will  an  electric  heater  take  to  raise  the 
temperature  of  500  g  of  water  from  20°C  to  80°C? 
The  heater  has  a  resistance  of  4012  and  is  operated 
at  120  V. 

Given:  m  =  500  g 

At  =  80°C  -  20°C  =  60  C° 

R  =  40Q 

V  =  120  V 

c  of  water  =  1  cal/gC° 

To  find:  time  to  heat  the  water 

Solution:  calories  to  heat  the  water 

=  mcAt 

1  cal 

=  500  g  X  - -  X  60  C° 

gc° 

=  3.0  X  1  04  cal 


(1  20  VI2 

P  =  V2/R  =  - - -  =  3.6  X  102  W 

40f2 


work  =  Pt  =  3.6  X  1  02  W  X  t 
=  3.6  X  102  J/sec  X  t 

calories  produced  by  heater 

,  cal  3.6  X  1  02  J 

=  0.24  —  X -  X  t 

J  sec 

This  must  equal  the  calories  to  heat  the  water. 

Therefore: 

3.6  X  1 02 

0.24  cal  X  -  X  t  =  3.0  X  1  04  cal 

sec 


3.0  X  1  04  cal  X  sec 
~  0.24  cal  X  3.6  X  1  02 

=  3.5  X  102  sec 
=  5.8  min,  Answer 


Self  Check 


1 .  The  potential  difference  across  a  resistor  is 
50  volts.  What  power  is  consumed  in  the 
resistor  if  the  current  is  4  amperes? 

2.  What  becomes  of  the  electric  energy  of 
Question  1? 

3.  What  is  the  current  through  a  1200-watt 
heater  operated  at  120  volts? 

4.  What  is  the  resistance  of  a  40-watt  bulb 
operated  at  120  volts? 

5.  If  a  100-watt  bulb  operates  for  1  hr,  how 
many  joules  of  energy  does  it  use? 

6.  Is  the  kilowatt  •  hour  a  unit  of  power  or  of 
work? 

7.  If  a  heater  connected  to  a  120-volt  source 
draws  10  amperes,  how  many  calories  will  it 
produce  in  10  sec? 

8.  If  the  heater  of  Question  7  operates  for  6  hr, 
how  many  kilowatt  •  hours  does  it  consume? 


Problems 


1 .  An  electric  toaster  uses  6.0  A  from 
a  120-V  line.  What  power  does  it  consume? 


2.  A  150-W  lamp  consumes  150  W  of 
power  and  converts  it  to  heat  and  light.  What 
current  does  it  use  when  operated  at  its  normal 
120-V  rating? 

3.  An  iron  using  8  A  has  a  connecting 
wire  whose  total  resistance  is  0.020  Cl.  What 
power  is  wasted  in  the  connecting  wire? 

4.  A  500-fi  resistor  in  a  circuit  has  a 
potential  difference  of  5  V  across  its  terminals. 
What  power  appears  as  heat  in  the  resistor? 

5.  An  electric  bathroom  heater  has  a 
resistance  of  16  Q  when  operating  at  its  rated 
potential  difference  of  120  V.  If  the  price  of 
electric  energy  is  3.0  cents  per  kWh,  how  much 
does  it  cost  to  operate  this  unit  for  30  min? 

6.  An  electric  iron  has  a  resistance  of 
20  Cl  and  draws  8.0  A  of  current.  How  much 
heat  is  produced  in  10  min? 

7.  What  current  is  involved  in  the  nor¬ 
mal  operation  of  a  120-V  lamp  rated  at  (a) 
50  W;  (b)  150  W;  (c)  1.00  kW? 

8.  Use  the  power  equation  to  find  the 
resistance  of  each  lamp  in  Problem  7.  Check 
by  using  Ohm’s  law.  Does  a  powerful  lamp 
have  a  higher  or  lower  resistance  than  a  less 
powerful  lamp? 
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11-24  A  capacitor  stores  electric  en¬ 
ergy.  A  continuous  current  cannot  be  main¬ 
tained  in  an  open,  or  incomplete,  circuit,  but 
a  current  can  exist  briefly  in  such  a  circuit. 
Consider  the  circuit  of  Fig.  11-17  just  be¬ 
fore  the  dry  cell  is  connected.  When  it  is 
connected,  electrons  flow  briefly  to  A,  mak¬ 
ing  it  negative,  and  out  of  B,  leaving  it 
positive.  Of  course,  the  current  lasts  but  a 
small  fraction  of  a  second  until  A  has  the 
same  potential  as  the  negative  terminal  of 
the  battery  and  B  has  the  same  potential 
as  its  positive  terminal.  A  very  promptly 
becomes  1.5  volts  more  negative  than  B. 

A  B 


1.5  V 

Figure  11—17  Once  the  cell  is  connected  in 
this  circuit,  A  becomes  negative  with  respect 
to  B.  As  a  result,  energy  is  stored  in  the 
electric  field  between  A  and  B. 


It  is  quite  evident  that  more  charge  can 
be  stored  on  A  and  B  if  the  potential  dif¬ 
ference  of  the  battery  in  the  circuit  is  in¬ 
creased.  Other  factors  also  determine  the 
quantity  of  charge  which  a  capacitor  will 
store.  Other  things  being  equal,  a  capaci¬ 
tor  will  store  more  charge  if  the  area  of 
the  conductors  A  and  B  is  increased,  if 
the  separation  between  the  conductors  A 
and  B  is  reduced,  or  if  the  space  (vacuum 
or  air)  between  the  conductors  is  replaced 
with  a  good  insulator  (Fig.  11-18). 

These  three  factors  determine  a  capaci¬ 
tor’s  ability  to  accept  an  electric  charge  at 
a  given  potential  difference.  This  ability 
is  called  the  capacitance  (C)  of  the  capaci¬ 
tor.  The  charge  on  a  capacitor  at  a  given 
potential  difference  is: 

Q  =  CV 

since  the  charge  in  the  capacitor  is  pro¬ 
portional  to  the  capacitance  and  also  to  the 
potential  difference. 

11-25  The  farad  is  the  unit  of  capaci¬ 
tance.  The  mathematical  relation  above 
can  be  arranged  to  provide  the  defining 
equation  for  a  unit  of  capacitance: 


Electrons  have  moved,  though  briefly,  and 
energy  has  been  delivered  by  the  battery. 
The  principle  of  conservation  of  energy  in¬ 
dicates  that  this  energy  has  not  been  de¬ 
stroyed.  Where  is  it?  Can  it  be  reclaimed? 

An  electric  charge  has  been  stored  on  A 
and  B,  and  an  electric  field  has  been  es¬ 
tablished  between  A  and  B.  The  energy 
has  been  stored  in  this  field  —  literally  in 
the  space  between  A  and  B.  The  conduc¬ 
tors  ,A  and  B  and  the  insulating  material 
or  empty  space  between  them  constitute 
a  capacitor.  (The  older  term,  condenser, 
is  falling  into  disuse.) 


Figure  11-18  In  each  of  the  three  pairs  of 
capacitors  below,  the  capacitance  of  the  one 
on  the  right  has  been  increased  over  that 
of  its  counterpart  on  the  left.  The  cause  of 
the  increase  in  capacitance  is  indicated  be¬ 
tween  each  pair. 

_ I  _  area  -  - 


separation 


material 

between 

plates 


better  insulator 
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C  =  Q/V 

Hence,  the  unit  of  capacitance  is  defined 
as  that  which  will  store  1 C  of  charge 
at  a  potential  difference  of  1  V.  The  unit 
of  capacitance  is  called  the  farad  (F)  in 
honor  of  Michael  Faraday,  who  did  im¬ 
portant  pioneer  work  in  electricity.  1  F  = 
1C/V. 

Actually,  a  farad  is  a  much  larger  unit 
than  is  commonly  found  in  practice.  If  a 
capacitor  with  IF  of  capacitance  were 
made  with  two  parallel  plates  1  mm  apart 
in  air,  each  plate  would  have  to  be  a  square, 
10,600  m  on  a  side  with  an  area  of  over 
40  mi2.  In  view  of  this,  it  is  customary  to 
use  the  microfarad  ( one  millionth  of  a 
farad)  as  an  everyday  unit.  This  unit,  10“ 6 
F,  is  represented  by  the  symbol  fxF. 
Another  common  unit  is  the  picofarad 
(pF  =  10-12  F). 

11-26  Capacitors  have  many  practical 

uses.  Capacitors  are  used  very  commonly 
in  alternating-current  circuits,  particularly 
in  radio  circuits.  They  also  have  interesting 
and  important  uses  in  the  direct-current  cir¬ 
cuits  you  are  studying. 

When  a  switch  opens,  electrons  often 
continue  to  flow  just  as  they  did  immedi¬ 
ately  before  the  circuit  was  broken.  This 
brief  persistent  flow  actually  jumps  across 
the  gap  between  conductors  of  the  switch 
if  they  are  not  too  far  apart.  The  resulting 
arc  heats  and  corrodes  the  switch  parts. 
Switches  such  as  the  circuit  breaker  (points) 
in  an  automobile  ignition  system  may  close 
and  open  a  few  hundred  times  per  second, 
and  therefore  the  contact  points  of  the 
switch  would  need  frequent  replacement  if 
a  solution  to  this  problem  had  not  been 
worked  out  (Fig.  11-19). 

As  the  switch  opens,  the  electrons,  which 
ordinarily  would  arc  across  the  contact 
points,  charge  the  capacitor  instead.  By  the 
time  the  potential  difference  of  the  capaci¬ 
tor  is  great  enough  to  cause  a  small  spark, 
the  points  are  so  far  apart  that  the  spark 
cannot  jump  the  gap.  The  capacitor  is  dis- 


Figure  11-19  This  diagram  suggests  the  oper¬ 
ation  of  the  circuit  breaker  (points)  in  an 
automobile  ignition  circuit.  The  rapidly  mov¬ 
ing  cam  (with  arrow)  has  just  opened  the 
contact  points.  Electrons  tend  to  continue  to 
surge  across  the  gap,  but  instead,  they  charge 
the  capacitor.  This  prevents  arcing  and 
greatly  prolongs  the  life  of  the  contact  points. 

charged  harmlessly  through  another  path  in 
the  circuit. 

Electronic  flash  guns  employ  a  capacitor 
to  store  energy  from  a  battery  of  cells  or 
some  other  source  of  energy.  When  the 
photographer  closes  a  switch,  this  energy  is 
converted  to  light  ( and  heat )  in  a  specially 
designed  gas-discharge  tube. 


Self  Check 


1 .  What  is  a  capacitor? 

2.  What  is  the  function  of  a  capacitor? 

3.  What  four  factors  influence  the  size  of  the 
charge  stored  by  a  capacitor? 

4.  What  is  a  farad?  a  picofarad? 

5.  What  is  the  capacitance  of  a  capacitor  that 
will  store  a  charge  of  20  /xC  at  a  potential 
difference  of  100  V? 

6.  -Why  is  the  farad  seldom  used  as  a  unit  of 
capacitance? 

7.  Describe  several  uses  for  capacitors. 


Problems 


A  capacitor  is  charged  to  a  potential  differ¬ 
ence  of  25  V.  On  discharge,  it  is  found  that  it 
contained  12  of  charge.  What  is  its  capaci¬ 
tance? 
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Chapter 

Summary 


Electric  fields  exist  in  conductors  as  well  as 
in  space.  These  fields  produce  force  on  charged 
objects  (particles)  in  the  conductors,  thus  pro¬ 
ducing  electric  current.  Moving  charges  in 
conductors  collide  with  stationary  particles  and 
give  up  energy  in  the  form  of  increased  particle 
motion  with  a  corresponding  increase  in  tem¬ 
perature.  Electric  loads  are  usually  specified 
in  terms  of  the  potential  difference  at  which 
they  should  operate.  This  volt  rating  should 
be  approximately  equal  to  that  of  the  source 
of  electric  energy.  When  current  paths  are 
arranged  in  series,  they  contain  identical  cur¬ 
rents.  When  current  paths  are  connected  in 
parallel,  they  operate  at  identical  potential 
differences.  When  sources  of  electric  energy 
are  connected  in  series,  the  total  potential 
difference  of  the  battery  equals  the  sum  of 
the  individual  potential  differences.  When 
sources  of  energy  are  connected  in  parallel, 
the  battery  potential  difference  equals  that  of 
any  one  cell,  but  the  life  of  the  battery  is 
correspondingly  greater. 

Objects  which  conduct  current  poorly  are 
said  to  have  high  resistance.  The  resistance  of 
an  object  depends  on  the  material  of  which  it 
is  made  and  its  temperature,  and  varies  directly 
as  the  length  of  the  object  and  inversely  as  the 
cross-sectional  area.  The  standard  unit  of  elec¬ 
tric  resistance  is  the  ohm,  defined  as  the  resist¬ 
ance  which  limits  current  to  1  ampere  at  a 
potential  difference  of  1  volt.  Ohm’s  law  sets 
forth  the  mathematical  relations  between  cur¬ 
rent,  potential  difference,  and  resistance.  Re¬ 
sistors  connected  in  series  have  a  total  resistance 
equal  to  the  sum  of  the  individual  resistances. 
For  resistors  connected  in  parallel,  the  recipro¬ 
cal  of  the  effective  resistance  is  equal  to  the 
sum  of  the  reciprocals  of  the  individual  resist¬ 
ances.  The  potential  drop  across  a  part  of  a  load 
can  be  calculated  if  the  current  and  resistance 
in  that  part  are  known.  Kirchhoff’s  first  rule 
states  that  the  algebraic  sum  of  all  currents 
approaching  and  leaving  any  point  in  a  circuit 
is  zero.  Kirchhoff’s  second  rule  states  that  the 
algebraic  sum  of  all  the  potential  differences 
around  any  loop  of  a  circuit  is  zero.  The  re¬ 


sistance  of  circuit  wiring  and  the  internal  re¬ 
sistance  of  sources  of  electric  energy  often  make 
a  big  difference  in  circuit  operation.  Electro¬ 
motive  force  (emf)  is  the  actual  potential  dif¬ 
ference  produced  by  chemical  or  mechanical- 
magnetic  action  in  cells,  generators,  or  other 
energy  sources.  The  potential  difference  main¬ 
tained  at  the  terminals  of  an  energy  source 
equals  the  emf  reduced  by  the  1R  drop  due  to 
the  internal  resistance  of  the  source. 

Electric  power  is  the  product  of  potential 
difference  times  current.  Electric  energy,  or 
work,  is  the  product  of  power  times  the  time 
interval  during  which  power  is  delivered.  The 
heat  produced  in  a  resistor  can  be  computed 
from  the  energy  delivered  to  it.  An  electric 
capacitor  stores  electric  charge  and  consists  of 
two  conductors  insulated  from  each  other.  The 
charge  which  a  capacitor  can  store  is  propor¬ 
tional  to  its  capacitance  and  to  the  potential 
difference  across  its  terminals.  The  basic  unit 
of  capacitance  is  the  farad,  that  capacitance 
which  can  store  1  coulomb  of  charge  at  a 
potential  difference  of  1  volt. 


Vocabulary 

direct  current 
(p. 252 ) 

volt  rating  of  electric 
energy  sources 
(p.  253 ) 

parallel  and  series 
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resistor,  resistance 
(p. 257) 

conductor  (p.257) 

Ohm’s  law,  ohm 
(p.  258) 

conductance,  mho 
(■ p.259 ) 

JRdrop  (p.  261,  262) 


Kirchhoff’s  rules 
( p.263 ) 

internal  resistance  of 
energy  source 
(p. 265) 
emf  (p.  266) 
electric  power 

(p. 268) 

watt,  watt  •  second 
kilowatt  •  hour 
( p.269 ) 

capacitor,  capacitance 

(p-271) 

farad,  picofarad 
(p.  271,272) 


Problems 


1 .  An  inexpensive  home  radio  uses  five 
tubes  whose  heaters  all  use  0.30  A  of  current. 
Three  of  the  heaters  have  a  12-V  rating,  one 
is  rated  at  35  V,  and  one  at  50  V.  Can  these 
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be  operated  successfully  from  a  120-V  line? 
What  kind  of  connection  should  be  used? 

2.  A  series-connected  set  of  Christmas- 
tree  lamps  has  eight  15-V  lamps.  One  socket 
becomes  defective,  so  the  owner  simply  re¬ 
moves  it,  and  connects  the  other  7  lamps  in 
series.  What  will  be  the  result  when  he  puts 
the  seven  remaining  lamps  into  operation? 

3.  A  given  piece  of  wire  2.0  mm  in 
diameter  has  a  resistance  of  0.015  Cl/m.  What 
diameter  would  give  it  a  resistance  of  6.0  Cl/ m? 

4.  A  large  sphere  is  supported  on  six 
insulating  rods,  each  with  a  resistance  of  109  Cl. 
If  the  potential  difference  between  the  sphere 
and  the  platform  below  is  a  million  volts,  what 
is  the  leakage  current  through  the  supporting 
framework? 

5.  You  connect  a  sensitive  ammeter  in 
series  with  a  3-V  battery,  and  complete  the 
circuit  from  one  hand  through  your  body  to 
the  other  hand.  The  meter  shows  a  current 
of  0.040  milliamperes.  What  is  the  resistance 
of  your  body  from  hand  to  hand? 

6.  Resistors  of  10,  25,  and  50  Q,  respec¬ 
tively,  are  connected  in  parallel.  In  series  with 
this  combination  is  a  resistor  of  15  O.  What  is 
the  resistance  of  the  entire  compound  network? 

7.  A  heavy-duty  4.0-0  resistor  is  used  as 
a  heating  element  for  a  large  room  heater.  A 
wattmeter  shows  that  its  power  consumption 
is  exactly  1  kW.  What  current  does  it  require? 

8.  An  electric  clothes  dryer  operates  at 
1500  W.  If  it  is  used  an  average  of  10  hr  per 
week,  what  will  the  cost  be  to  operate  it  for  4 
weeks  at  3  cents/kWh? 

9.  Clothes  are  at  a  temperature  of  20 °C 
when  they  enter  the  dryer  of  Problem  8.  How 
many  kilograms  of  water  are  evaporated  each 
week  from  the  clothes? 

10.  An  electric  motor  operating  from  a 
120-V  line  uses  7.5  A  when  delivering  its 
rated  power  output  of  0.50  hp.  What  is  its 
efficiency? 

1 1 .  Prove  mathematically  that  the  resist¬ 
ance  of  a  parallel  network  must  be  less  than 
that  of  any  of  its  components. 

12.  In  a  town  electric  energy  is  sold  to 
retail  customers  at  4  cents/kWh.  A  modern 
kerosene  lamp  with  a  high-light-output  mantle 
uses  2  in3  of  fuel  an  hour  and  gives  as  much 


light  as  a  100-W  electric  lamp.  If  kerosene 
costs  30  cents/gal,  which  source  of  energy  is 
the  more  economical,  and  how  does  it  compare 
with  the  more  expensive  source? 

The  following  problems  are  based  on  the 
chapter  introduction  ( p .  251). 

13.  The  border  lights  at  the  front  of  the 
stage  should  have  been  twenty  100-W  bulbs 
in  parallel  across  a  120-V  line.  Find  the  total 
power,  the  total  current,  the  resistance  of  one 
bulb,  and  the  resistance  of  the  parallel  network. 

14.  A  dimmer  is  a  resistor  placed  in  series 
with  the  circuit.  The  resistance  of  the  dimmer 
can  be  varied  by  turning  the  contact  point  as 
shown  in  the  diagram.  If  the  lights  go  out 
when  the  current  is  reduced  to  6.0  A,  how 
much  of  the  dimmer  resistance  should  be  put 
into  the  circuit?  Assume  that  the  resistance  of 
the  lights  does  not  change. 

In  Problems  14,  15,  and  16  this  dimmer  is  used 
with  20  bulbs  in  parallel.  In  Problems  17,  18, 
and  19  it  is  used  with  a  single  spotlight. 


1 5.  What  current  exists  in  the  dimmer 
when  only  2.0  Cl  of  its  resistance  are  in  the 
circuit? 

1 6.  When  twenty  150-W  bulbs  were  used, 
what  was  the  resistance  of  the  parallel  network? 
With  the  150-W  bulbs,  and  2.0  Q  of  dimmer 
resistance,  find  the  current  in  the  dimmer. 


DIRECT  CURRENT 


275 


17.  A  similar  dimmer  was  used  on  a 
200-W  spotlight  designed  to  operate  at  120  V. 
What  was  the  resistance  of  the  spot? 

18.  Find  the  current  through  the  spot  in 
Problem  17  when  the  dimmer  was  not  used, 
and  when  the  total  dimmer  resistance  was  used. 
For  the  lights  to  be  dimmed  effectively,  the 
current  must  be  reduced  to  considerably  less 
than  half  its  original  value.  Will  the  dimmer 
do  the  job? 

1 9.  What  should  have  been  the  maximum 
resistance  of  a  dimmer  designed  to  work  with 
the  spot  in  Problem  17  if  the  light  goes  out 
when  the  current  is  0.60  A? 


Discussion  Questions 


1 .  It  is  often  said  that  no  material  conducts 
perfectly.  From  what  you  know  of  electron 
flow  in  solids,  explain  this. 

2.  Why  are  household  electric  appliances  al¬ 
most  never  connected  in  series? 

3.  Why  does  “the  algebraic  sum  of  potential 
differences  in  a  closed  loop  is  zero”  state 
Kirchhoff’s  second  rule  better  than  “in  a 
closed  loop,  the  emf  is  equal  to  the  sum  of 
the  IR  drops  throughout  the  rest  of  the 
loop”? 

4.  The  starter  motor  of  an  automobile  some¬ 
times  draws  as  much  as  100  amperes.  Why 
are  the  conductors  from  the  car  battery  to 
the  starting  motor  extremely  large,  being 
often  about  14  in.  in  diameter? 

5.  When  the  refrigerator  goes  on,  the  lights 
in  the  room  dim  and  then  brighten.  When 
an  electric  heater  is  plugged  in,  the  lights 
in  the  room  may  dim  and  stay  dim.  Ex¬ 
plain  what  happens  in  each  case. 

6.  A  certain  small  cell  has  a  terminal  poten¬ 
tial  difference  of  1.5  V  under  no-load  con¬ 
ditions,  but  1.1  V  under  normal  load.  What 
can  you  conclude  about  the  condition  of 
the  cell? 


7.  Which  of  three  lamps  in  parallel  carries 
more  current,  the  one  with  the  highest  or 
the  lowest  resistance?  Which  becomes 
hottest? 

8.  Which  of  three  lamps  in  series  has  the 
largest  potential  difference,  the  one  with 
the  highest  resistance  or  the  lowest?  Which 
becomes  hottest? 

9.  Draw  a  circuit  with  a  battery,  a  resistor, 
and  a  fully  charged  capacitor.  Show  that 
Kirchhoff’s  second  rule  applies  to  this 
circuit. 

10.  The  heat  a  flatiron  generates  shows  up 
mainly  in  the  iron  itself  and  not  in  the 
power  cord  as  well.  Why? 

1 1 .  Why  is  it  proper  to  say  that  electrons  enter 
one  plate  of  a  capacitor  while  electrons 
leave  the  other  plate,  yet  improper  to  say 
that  electrons  go  through  the  capacitor? 


Work  on  Your  Own 

1.  Find  out  as  much  as  you  can  about  the 
equipment  used  for  lighting  your  school 
stage.  Determine  volt  ratings,  power  ratings, 
resistances  of  lights  and  dimmers,  etc.  Find 
out  what  equipment  can  be  used  together. 

2.  People  often  wish  to  estimate  the  cost  of 
running  an  appliance  before  buying.  Most 
equipment  carries  a  label  recommending  volt 
rating  and  power.  Estimate  the  number  of 
hours  a  month  the  equipment  is  used.  Find 
out  the  cost  per  kilowatt  •  hour  charged  by 
the  local  power  company.  Then  report  on 
the  comparative  costs  of  appliances.  Which 
costs  more  to  run  each  month,  the  washing 
machine  or  your  desk  light?  an  electric  clock 
which  runs  all  the  time,  or  the  electric 
toaster  used  a  few  minutes  a  day? 

3.  Find  out  from  your  electric  power  company 
the  variation  in  the  amount  of  potential  dif¬ 
ference  supplied  to  houses  in  your  com¬ 
munity  and  what  causes  the  variation.  (Men 
working  with  electric  power  commercially 
often  refer  to  the  potential  difference  as 
voltage.  Because  this  term  has  several 
meanings,  it  is  not  used  in  this  text.) 


Courtesy  of  Lawrence  Radiation  Laboratory,  University  of  California 


A  magnetic  field  directed  upward  and  out  of  the  page  caused  a  moving  electron  that  entered 
at  the  lower  left  to  follow  this  spiral  path. 


Moving  Charges 

izi  Magnetic  Fields 

In  the  eighteen-thirties,  Thomas  Davenport,  a  young  American  blacksmith, 
undertook  a  series  of  intensive  experiments  with  electromagnets.  He  was 
particularly  impressed  with  the  fact  that  the  magnetism  could  be  turned  off 
and  on  rapidly  and  easily.  It  occurred  to  him  that  it  should  be  possible  to 
use  such  a  large  and  easily  controlled  form  of  energy  for  purposes  more 
important  than  lifting  iron.  He  set  to  work  to  develop  the  electric  motor.  In 
less  than  a  year,  he  had  a  small  crude  model  in  operation.  In  two  more  years, 
he  was  using  motors  of  about  V3  horsepower  —  larger  than  those  now  used 
in  washing  machines  and  refrigerators. 

At  almost  the  same  time  a  Russian  physicist  named  Moritz  von  Jacobi  was 
working  independently  toward  the  invention  of  the  electric  motor.  Jacobi’s 
motors  looked  somewhat  different  from  Davenport's,  but  their  principles  were 
identical:  both  used  two  sets  of  interacting  electromagnets  with  the  current 
through  one  set  automatically  reversed  by  a  rotary  switch. 

Both  men  developed  motors  whose  principles  underlie  the  direct-current 
motors  of  today.  Scores  of  scientists  and  engineers  who  followed  contributed 
many  refinements  to  electrical  machinery,  and  refinements  still  are  being 
made  today;  but  credit  for  developing  the  fundamental  principles  of  motors 
and  generators  is  properly  shared  by  the  American  blacksmith  and  the 
Russian  physicist. 

In  this  chapter  you  will  learn  how  moving  charges  —  whether  they  be 
free  electrons  in  a  conductor  or  electrons  moving  freely  in  space  —  are 
influenced  by  magnetic  fields. 


Deflection  of  Moving  Charges  by 
Magnetic  Fields 


When  the  pioneers  in  electromagnetism 
began  to  investigate  the  relationships  be¬ 
tween  moving  charges  and  magnetic  fields, 
they  had  no  understanding  of  the  real  na¬ 
ture  of  an  electric  current.  In  this  respect 


you  have  a  great  advantage  over  them. 
You  know  that  an  electric  current  in  a  metal 
wire  is  a  flow  of  electrons,  that  the  elec¬ 
trons  have  a  negative  charge,  and  in  what 
direction  the  electrons  move.  With  this 
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in  your  favor,  you  can  understand  the  fun¬ 
damental  principles  of  electric  motors  and 
generators  much  better  than  was  possible 
a  few  generations  ago.  Start  by  learning 
what  happens  when  charged  objects  move 
across  magnetic  fields. 

12-1  Magnetic  fields  deflect  charged 
particles.  In  Chapter  4  you  learned  about 
cloud  chambers  and  bubble  chambers  and 
their  use  in  exploring  the  nature  of  funda¬ 
mental  particles  of  matter.  The  photograph 
on  page  276  shows  the  tracks  left  by  parti¬ 
cles  passing  through  a  bubble  chamber. 
The  large  spiral  is  the  path  of  a  single  elec¬ 
tron  traveling  across  a  magnetic  field.  To 
understand  exactly  what  happens,  hold  the 
book  as  the  student  does  in  Fig.  12-1,  with 
the  page  vertical  and  the  left  side  of  page 
276  toward  you.  In  this  position  the  elec¬ 
tron  is  moving  away  from  you.  Remember 
that  it  is  crossing  a  magnetic  field  and  that 
the  direction  of  the  field  is  from  the  viewer’s 
left  to  his  right  in  Fig.  12-1.  This  is  as  if 
you  were  shooting  negatively  charged  corks 
from  a  popgun  between  the  poles  of  a 
strong  permanent  magnet,  as  in  Fig.  12-2. 
As  the  illustrations  show,  the  negatively 
charged  electrons  and  corks  are  deflected 
upward  as  they  cross  the  magnetic  field. 

Figure  12-1  To  analyze  the  behavior  of  the 
electron  described  on  page  276,  hold  the  book 
like  this.  Then  the  electron  at  the  bottom  is 
moving  away  from  you,  crosses  a  magnetic 
field,  and  is  deflected  upward. 


Fig  ure  12—2  In  this  thought  experiment  a 
negatively  charged  cork,  which  corresponds 
to  the  electron  described  on  page  276,  moves 
away  from  you  and  across  the  magnetic  field; 
as  a  result,  it  is  deflected  upward. 

Try  to  have  in  mind  three  directions  at 
once:  1.  the  movement  of  the  charged  ob¬ 
ject,  which  is  away  from  you;  2.  the  direc¬ 
tion  of  the  magnetic  field,  in  this  case  from 
left  to  right;  3.  the  deflection  of  the  charged 
object,  which  is  upward  and  which  must  be 
the  result  of  an  upward  force.  Notice  that 
the  original  motion  of  the  charged  object  is 
at  right  angles  to  the  magnetic  field  and 
that  the  resulting  force  is  perpendicular  to 
both  of  the  other  directions.  That  is,  the 
direction  of  the  movement,  the  magnetic 
field,  and  the  resulting  force  are  all  mutu¬ 
ally  perpendicular.  Thus  the  deflection  that 
a  charged  object  experiences  when  moving 
across  a  magnetic  field  is  perpendicular  to 
the  movement  and  to  the  field. 


Do  It  Now 


Look  around  the  room  and  find  two  lines  which 
are  perpendicular  to  each  other.  A  floor  comer 
and  a  wall  corner  will  serve.  Where  is  a  third 
line  perpendicular  to  both  of  the  others?  How 
many  such  third  lines  are  there?  Would  you 
say  the  three  lines  are  mutually  perpendicular? 


Attraction  exerts  upward  force 

on  free  electron.  Magnetic  field 


upward  force  on  free 

electron.  d 


Figure  12-3  This  series  of  diagrams  represents  a  train  of  thought  starting  with  the  moving 
electron  on  page  276  and  the  moving  cork  of  Fig.  12-2.  Remember  that  an  electric 
current  is  a  flow  of  electrons;  hence,  a  moving  charge  constitutes  a  small  amount  of 
electric  current,  a.  The  moving  charge  is  shown  as  though  part  of  a  current  in  a  conductor, 
b.  The  motion  of  the  charge  is  shown  by  the  straight  arrow,  while  the  curved  arrows  show 
the  magnetic  field  surrounding  the  moving  charge,  c.  The  field  of  the  permanent  magnet  is 
shown  by  rows  of  imaginary  bar  magnets,  while  the  field  due  to  the  moving  charge 
is  shown  by  the  ring  of  magnets,  d.  Here  arrows  replace  the  magnets  of  c.  In  c  and  d  the 
two  fields  are  shown  as  though  they  were  independent;  actually,  they  interact. 


18=8  The  deflection  of  moving  charges 
can  be  explained  in  terms  of  known  prin¬ 
ciples.  The  analysis  of  the  behavior  of  the 
electron  in  Fig.  12-1  may  surprise  and  con¬ 
fuse  you.  However,  it  can  be  explained  in 
terms  of  principles  which  you  already 
know. 

Study  the  sketches  in  Fig.  12-3.  In  the 
first,  the  electron  is  shown  as  it  moves  in  a 
short  section  of  wire.  The  electron  which 
constitutes  the  current  moves  into  the  page, 
away  from  you,  the  reader.  Now  remember 
that  the  current  in  the  wire  produces  a 
magnetic  field  around  the  wire;  the  direc¬ 
tion  of  this  field  can  be  predicted  from  the 
left-hand  rule.  In  this  case,  the  field  is 
counterclockwise  (Fig.  12-3b). 

Figure  12-3c  further  explains  the  situa¬ 
tion.  The  field  due  to  the  magnet,  from  left 
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to  right,  is  shown  as  though  made  up  of 
tiny  bar  magnets;  think  of  them  as  a  large 
number  of  tiny  magnetic  compasses,  if  you 
wish.  The  field  surrounding  the  current  is 
shown  as  a  ring  of  tiny  bar  magnets.  You 
can  see  that  the  “bar  magnets”  of  the  two 
fields  attract  each  other  above  the  conduc¬ 
tor  and  repel  each  other  below  the  conduc¬ 
tor.  Hence,  the  force  on  the  wire  is  up¬ 
ward.  Figure  12-3d  represents  the  same 
situation  with  imaginary  arrows  instead  of 
imaginary  bar  magnets. 

18=3  A  simple  rule  determines  the  di¬ 
rection  of  deflection.  The  kind  of  analysis 
illustrated  in  Fig.  12-3,  if  accurately  done, 
can  always  be  used  to  find  the  direction  of 
the  force  acting  on  a  charge  moving  across 
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direction  of 
electron  movement 


Figure  12-4  With  the  three-finger  rule ,  using 
the  left  hand,  you  can  predict  the  direction 
of  the  force  on  an  electron  moving  across  a 
magnetic  field.  Here  the  thumb  represents 
the  movement  of  the  electron  across  the 
field;  the  index  finger,  the  direction  of  the 
magnetic  field;  and  the  middle  finger,  the 
direction  of  the  resulting  deflecting  force. 

a  magnetic  field.  However,  some  students 
prefer  the  more  direct  three-finger  rule  for 
predicting  the  direction.  To  use  this  rule, 
think  of  movement,  field,  and  force  in  that 
order,  and  represent  them  by  three  digits  of 
the  left  hand  —  thumb,  index  finger,  and 
middle  finger,  respectively.  Hold  the  three 
digits  so  that  they  are  mutually  perpendicu¬ 
lar,  as  in  Fig.  12-4.  The  thumb  points  in 
the  direction  of  movement  of  the  electrons, 
the  index  finger  points  in  the  direction  of 
the  magnetic  field,  and  the  middle  finger 
points  in  the  direction  of  the  force  experi¬ 
enced  by  the  moving  charge.  Notice  that 
this  rule  applies  to  moving  negative  charges. 
If  the  moving  object  is  charged  positively, 
the  deflecting  force  is  reversed. 

You  may  like  this  rule,  or  you  may  not 
care  for  it.  You  may  invent  your  own  rule. 
Perhaps  you  prefer  to  determine  the  direc¬ 
tion  of  the  force  from  basic  principles,  as 
suggested  in  Fig.  12-3. 


12-4  A  charged  particle  may  have  a 
circular  or  a  spiral  path.  Figure  12-2  shows 
a  negatively  charged  cork  deflected  upward 
as  it  escapes  from  the  field  between  the 
magnets.  What  happens  to  a  charged  parti¬ 
cle  (an  electron,  for  example)  which  does 
not  escape  from  the  field?  After  it  has 
changed  direction,  it  still  moves  at  right 
angles  to  the  field.  Therefore,  it  keeps  on 
changing  direction  as  long  as  it  is  in  the 
field.  In  a  uniform  field,  the  size  of  the 
force  on  the  electron  is  constant  and  always 
perpendicular  to  the  direction  of  motion. 
Therefore,  the  path  becomes  a  circle,  as 
shown  in  Fig.  12-5a.  In  a  perfect  vacuum, 
the  electron  could  move  in  a  circle  indefi¬ 
nitely.  However,  electrons  in  a  cloud 
chamber  are  slowed  down  as  they  encounter 
other  particles  and  therefore  move  in 
smaller  and  smaller  circles. 

Frequently  when  a  charged  particle  en¬ 
ters  a  magnetic  field,  it  is  not  moving  exactly 
at  right  angles  to  the  field.  Figure  12-5b 
shows  that  in  such  cases  the  resulting  par¬ 
ticle  path  spirals  around  lines  of  force. 

12-5  Deflection  provides  a  definition 
for  magnetic  flux  density.  What  determines 
the  magnitude  of  the  force  on  a  moving 
charge  in  a  magnetic  field?  The  force  exists 
because  the  moving  charge  creates  its  own 
magnetic  field  which  reacts  with  the  exist¬ 
ing  one.  The  magnetic  field  due  to  the 
charge  depends  on  the  size  of  the  charge 
and  how  fast  it  is  moving.  Therefore  the 
magnitude  of  the  force  on  the  charge  de¬ 
pends  on  the  size  of  the  charge,  its  velocity 
at  right  angles  to  the  field,  and  the  field 
through  which  it  moves.  Mathematically: 

F  =  BQv 

where  F  is  the  force,  Q  is  the  charge,  v  is 
its  velocity  at  right  angles  to  the  field,  and 
B  is  a  quantitative  measure  of  the  field 
called  magnetic  flux  density. 

This  equation  also  provides  a  means  for 
defining  the  unit  of  magnetic  flux  density. 
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motion.  Combined,  the  components  form  a 
spiral  path  of  uniform  pitch  and  diameter. 


To  see  how  this  is  done,  first  solve  the  equa¬ 
tion  for  B: 


Now,  if  a  charge  of  1  C  is  moving  at  1  m/sec 
perpendicularly  to  the  field,  and  the  force 
on  the  charge  is  1  N,  then  the  flux  density 
of  the  field  that  is  causing  the  force  is: 

IN  N  •  sec 

B  =  - — —  =  1  - 

1  C  X  1  m  sec  C  •  m 

Thus  the  unit  of  flux  density  might  be  called 
a  newton-second  per  coulomb-meter.  How¬ 
ever,  it  has  been  given  another  name, 
the  tesla  (T ).  The  flux  density  of  a  magnetic 
field  is  1  T  if  a  charge  of  1  C  experiences  a 
deflecting  force  of  1  N  when  it  moves  per¬ 
pendicularly  across  the  magnetic  field  with 
a  velocity  of  1  m/ sec. 

The  flux  density  of  a  field  tells  you  some¬ 
thing  about  how  concentrated  the  field  is. 
Sometimes  you  are  interested  also  in  the 
total  flux  through  a  certain  area.  In  Fig. 
12-3,  for  example,  you  might  wish  to  know 
the  total  flux  through  the  area  between  the 


two  magnets.  To  find  the  total  flux,  <I>  (the 
Greek  letter,  phi),  you  multiply  the  flux 
density  by  the  area  that  is  perpendicular  to 
the  field: 

$  -  BA 

If  flux  density  ( B )  is  in  teslas  and  the  area 
(A)  is  in  square  meters,  the  flux  (<I>)  is  in 

webers  ( Wb ). 

$  =  T  X  m2  =  Wb 
Here  is  a  summary  of  these  new  units: 

abbre-  defining 
symbol  unit  viation  equation 

magnetic 

flux 

density  B  tesla  T  B  =  F  /Ql> 
magnetic 

flux  weber  Wb  $  =  BA 

A  magnetic  flux  density  of  IT  is  quite 
strong.  The  largest  flux  densities  produced 
in  laboratories  are  less  than  100  T;  the 
magnetic  field  of  the  earth  is  of  the  order  of 
10-5  T. 
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The  formula  F  =  BQv  enables  you  to 
compute  the  magnitude  of  the  force  on  a 
moving  charge  in  a  magnetic  field. 


Self  Check 


1 .  Account  for  the  force  on  a  charge  moving 
in  a  magnetic  field. 

2.  The  poles  of  a  U-magnet  are  arranged  with 
the  N-pole  directly  over  the  S-pole.  A  neg¬ 
atively  charged  object  passes  between  the 
poles  from  your  left  to  your  right.  What  is 
the  direction  of  the  resulting  force? 

3.  What  is  the  direction  of  the  force  if  a  posi¬ 
tively  charged  object  is  moving  away  from 
you  across  the  magnetic  field  of  Question  2? 

4.  What  is  the  path  of  an  electron  that  enters 
a  field  at  an  angle  of  60°  to  the  field? 

5.  In  what  terms  is  the  standard  mks  unit  of 
magnetic  flux  expressed? 

6.  Define  a  magnetic  flux  density  of  1  T. 


Problems 


1 .  The  magnetic  flux  through  a  rectangle 
10  cm  X  40  cm  is  0.0010  Wb.  What  is  the 
average  magnetic  flux  density  in  this  region? 

2.  What  magnetic  flux  density  is  re¬ 
quired  to  produce  a  deflecting  force  of  0.0010  N 


on  a  charge  of  0.0075  C  moving  perpendicu¬ 
larly  across  it  with  a  velocity  of  30  m/ sec? 

3.  What  deflecting  force  is  exerted  on 
a  charge  of  40  moving  at  15  cm/sec  per¬ 
pendicularly  across  a  magnetic  field  whose  flux 
density  is  0.025  T? 

4.  A  square  hole  12  cm  on  a  side  is 
oriented  with  its  plane  perpendicular  to  a 
magnetic  field  of  40  X  10“2T.  What  is  the 
total  quantity  of  magnetic  flux  through  this 
hole?  What  is  the  flux  through  the  hole  if  its 
plane  is  oriented  30°  from  the  direction  of  the 
field? 

5.  A  particle  with  charge  Q,  mass  m, 
and  velocity  v,  enters  a  field  of  flux  density  B 
at  right  angles  to  the  field.  It  travels  in  a 
circle  in  the  field.  Express  the  radius  of  this 
field  algebraically.  How  could  you  use  this 
equation  to  discover  something  about  the 
alpha  particles  in  a  cloud  chamber? 


Discussion  Questions 


1.  What  happens  to  the  motion  of  an  electron 
that  is  moving  in  the  same  direction  as  a 
magnetic  field  which  it  enters?  in  the 
opposite  direction? 

2.  What  is  the  advantage  of  using  the  logic 
of  Fig.  12-4  to  predict  the  direction  of 
force  acting  on  a  charged  particle  moving 
across  a  magnetic  field? 


Magnetic  Fields  Can  Control  Charged  Particles 


12-6  The  mass  spectrometer  separates 
and  collects  charged  particles.  One  of  the 

most  useful  devices  in  modern  research 
physics  and  in  industrial  engineering  is  the 
mass  spectrometer.  This  instrument  makes 
it  possible  to  separate  charged  particles  on 
the  basis  of  their  mass  and  to  measure  their 
relative  abundance.  The  underlying  prin¬ 
ciple  of  its  operation  is  the  deflection  of 
moving  charges  by  magnetic  fields. 

Suppose  scientists  wish  to  study  the 


isotopes  of  a  special  sample  of  lithium. 
The  element  (or  a  compound  containing 
the  element)  first  is  ionized.  Each  lithium 
atom  is  stripped  of  its  outermost  electron, 
and  therefore  bears  a  positive  charge.  The 
ions  are  then  accelerated  by  charged  elec¬ 
trodes  and  pass  through  the  instrument  as 
a  beam  in  which  all  particles  have  the  same 
charge  Q,  move  at  approximately  the  same 
velocity  v,  and  cross  the  same  field  of  flux 
density  B.  (See  Fig.  12-6.) 


Lithium  ions  all  have 
approximately  same 
speed  and  exactly 
same  electric  charge. 


photographic  plate 
or  other  arrange¬ 
ment  for  detecting 
and  measuring  in¬ 
tensity  of  isotopes 

Figure  12—6  In  the  mass  spectrometer,  iso¬ 
topes  of  different  mass  are  deflected  into 
circular  paths  of  different  radii.  This  diagram 
shows  two  of  the  isotopes  of  lithium.  One 
has  a  mass  of  about  6  u,  the  other  has  a 
mass  of  about  7  u.  The  lighter  one  describes 
the  smaller  arc. 


Figure  12-7  Each  picture,  or  frame,  of  a 
TV  picture  is  made  up  of  a  series  of  horizon¬ 
tal  lines  of  variable  intensity.  Each  second 
there  are  30  complete  frames,  each  made  up 
of  525  lines. 


It  is  evident,  then,  that  the  charges  ex¬ 
perience  approximately  the  same  deflecting 
force.  The  apparatus  is  large  enough  to 
keep  the  particles  from  escaping;  they  there¬ 
fore  move  in  a  circular  path.  Since  the 
particles  are  isotopes  of  the  same  element, 
they  have  slightly  different  masses.  There¬ 
fore,  lighter  isotopes  are  deflected  into  a 
smaller  circle  than  the  heavier  ones.  In  this 
way,  the  mass  spectrometer  can  be  used  to 
separate  and  measure  isotopes. 

Similarly,  uranium  isotopes  92U235  and 
92U238  can  be  separated  for  use  in  nuclear 
reactors.  The  separation  problem  is  difficult 
because  92U235  constitutes  only  0.7%  of 
natural  uranium.  Yet  this  process  was  used 
during  World  War  II  to  help  obtain  enough 
92U235  to  make  the  first  nuclear  explosions 
on  earth. 

19b?  Magnetic  fields  help  produce 
television  images.  Since  a  magnetic  field 
changes  the  path  of  a  moving  electron,  a 
properly  designed  field  can  direct  electrons 
wherever  the  designer  wishes.  In  a  tele¬ 
vision  picture  tube  it  is  essential  that  elec¬ 
trons  strike  the  face  of  the  tube  in  a  partic¬ 
ular  spot.  In  TV  receivers  the  electron 
beam  is  focused  by  properly  designed  elec¬ 
tric  and  magnetic  fields. 

An  image  on  a  television  screen  is  actually 
a  series  of  still  pictures  in  rapid  sequence. 
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As  in  motion  pictures,  the  impression  of  mo¬ 
tion  is  only  an  illusion.  But  in  TV,  you  do 
not  see  even  one  complete  picture  at  any 
instant.  Each  picture  on  the  screen  —  there 
are  30  complete  pictures  every  second  —  is 
sketched  by  a  moving  spot  of  varying  in¬ 
tensity,  as  suggested  in  Fig.  12-7.  The  spot 
is  produced  as  electrons  strike  the  material 
on  the  inside  of  the  picture  tube  and  pro¬ 
duce  visible  light. 

This  action  is  illustrated  in  Fig.  12-8,  a 
view  of  the  inside  of  a  TV  picture  tube.  To 
produce  a  single  complete  image  or  frame, 
the  spot  traces  525  lines.  This  means  that 
the  electron  beam  makes  15,750  horizontal 

Figure  12-8  As  seen  from  the  inside  of  the 
picture  tube,  the  electron  beam  moves  from 
right  to  left.  For  each  complete  frame  it 
traces  out  525  horizontal  lines.  At  any  one 
instant,  however,  the  beam  strikes  only  one 
spot  on  the  face  of  the  picture  tube. 
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trips  every  second,  while  also  making  a 
much  smaller  number  of  vertical  trips.  Ob¬ 
viously,  the  electron  beam  must  be  con¬ 
trolled  with  great  speed  and  precision.  In 
practically  all  TV  image  tubes  —  the  cam¬ 
era  types  in  the  studios  and  the  picture 
types  in  home  receivers  —  this  deflection  is 
produced  by  sending  the  electron  beam 
across  magnetic  fields. 

12-8  The  earth’s  magnetic  field  traps 
charged  particles  in  the  upper  atmosphere. 

Ever  since  the  discovery  of  cosmic  rays, 
scientists  had  been  sending  up  instruments, 
first  to  the  tops  of  mountains,  then  into  the 
air  in  balloons  and  rockets,  to  measure  the 
intensity  of  the  primary  rays  which  are 
composed  of  charged  particles.  They  had 
always  found  more  particles  at  greater  dis¬ 
tances  from  the  earth.  Accordingly  they 
were  delighted  to  have  a  chance  to  put  their 
counting  devices  aboard  the  first  United 
States  satellite,  Explorer  I,  early  in  1958. 
As  expected,  the  count  rose  as  Explorer  I 
went  up.  However,  it  increased  more  rap¬ 
idly  than  had  been  predicted.  Then,  to 
everyone’s  surprise,  at  a  height  of  500  to 
600  mi,  no  particles  at  all  were  counted. 

The  physicists  thought  that  the  instru¬ 
ments  had  not  functioned  properly.  A  few 
months  later,  however,  the  instruments  on 
Explorer  III  gave  the  same  result.  One 


scientist  remembered  that  too  many  parti¬ 
cles  will  cause  a  counter  to  jam  and  stop 
counting.  Could  it  be  that  500  or  more 
miles  away,  there  were  too  many  particles 
in  space  for  the  counters  to  handle? 

Counters  that  would  not  jam  as  easily 
were  built.  Up  they  went  in  Explorer  IV 
and  in  Pioneer  IV,  a  space  rocket.  Sure 
enough,  a  region  beyond  the  atmosphere 
had  a  tremendous  concentration  of  parti¬ 
cles.  There  appeared  to  be  two  radiation 
belts.  More  and  more  satellites  with  newer 
instruments  were  sent  up  to  investigate. 
So  great  is  the  radiation  in  the  belts  that 
you  would  not  be  safe  there  in  a  space 
vehicle  unless  you  went  through  very 
quickly.  The  belts  are  called  the  Van  Allen 
radiation  belts  after  James  A.  Van  Allen, 
who  led  the  scientific  team  which  made  the 
discoveries.  See  Fig.  12-9.  Beyond  the 
belts,  extending  40,000  miles  into  space,  is 
a  region  where  particles  are.  less  concen¬ 
trated.  The  whole  region,  including  the 
belts,  is  called  the  magnetosphere. 

Why  should  the  particles  be  more  concen¬ 
trated  than  predicted?  Look  again  at  Fig. 
12-5b.  If  an  electron  or  proton  enters  a 
magnetic  field  at  an  angle  that  is  not  90°,  it 
spirals  along  a  line  of  force.  Perhaps,  then, 
the  shape  and  strength  of  the  earth’s  mag¬ 
netic  field  have  something  to  do  with  the 
Van  Allen  belts.  Figure  12-10  depicts  the 


Fig  ure  12-9  Van  Allen  belts  and  the  magnetosphere.  The  inner  belt  consists  mainly  of 
high-speed  protons;  the  outer  one,  of  high-speed  electrons.  Slower  protons  and  electrons 
fill  the  shaded  area.  The  curved  lines  in  the  drawing  show  the  shape  of  the  earth's 
magnetic  field,  which  is  blown  out  of  shape  by  the  “solar  wind,”  a  stream  of  particles 
coming  from  the  sun.  Notice  that  the  safest  route  for  an  astronaut  leaving  the  earth 
is  above  the  poles,  through  the  hole  in  the  doughnut-shaped  belts. 


(Redrawn  from  Scientific  American,  May,  1963,  p.  86,  with  permission  of  the  publishers  and  of  the  author,  Mr.  B.  J.  O’Brien.) 


Figure  12-10  a.  This  diagram  suggests  the  nature  of  the  earth's  magnetic  field.  The 
dotted  line  is  the  earth's  geographical  axis;  the  solid  line  is  its  magnetic  axis.  b.  This 
diagram  suggests  that  a  section  of  the  earth’s  magnetic  field  is  shaped  like  a  highly 
curved  and  very  symmetrical  banana. 


earth’s  magnetic  field  in  cross  section,  as  if 
its  lines  of  force  were  real  and  visible. 
Notice  that  the  field  is  curved  and  that  its 
flux  density  increases  as  it  approaches  the 
earth  near  the  polar  regions.  If  in  imagina¬ 
tion  you  take  a  section  out  of  this  field,  it 
would  look  like  a  banana  (Fig.  12-10b). 

You  could  describe  it  as  being  curved  and 
as  conical  near  its  ends. 

How  does  a  charged  particle  behave 
when  it  encounters  a  field  like  this?  If  it 
enters  the  field  perpendicularly,  it  moves  in 
repeating  circles  (Fig.  12-5a).  But  chances 
are  that  it  enters  the  field  obliquely,  as  in 
Fig.  12-5b.  Then  it  would  spiral  around  the 
“banana”  toward  one  end.  Remember  that 
as  the  particle  spirals  toward  the  magnetic 
pole,  the  field  converges  and  becomes 
stronger.  The  result  is  that  the  spiral  be¬ 
comes  tighter,  and  also  that  there  is  more 
force,  which  tends  to  slow  the  particle’s 
progress  toward  the  end  of  the  crescent. 
Finally,  the  particle  reverses  its  poleward 
drift  and  spirals  back  toward  the  magnetic 
equator  and  on  toward  the  opposite  mag¬ 
netic  pole.  This  process  is  repeated  again 
and  again.  Scientists  think  that  particles 
may  make  their  spiraling  journey  from  one 
pole  to  the  other  within  a  few  seconds. 

Because  of  this  action,  electrons  and 
protons  are  virtually  trapped  in  the  earth  s 
magnetic  field.  No  wonder  they  are  in 
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greatest  abundance  out  beyond  most  of  the 
earth’s  atmosphere.  When  the  supply  of 
particles  from  the  sun  is  particularly  in¬ 
tense,  the  trapped  particles  tend  to  spill 
out  one  or  two  thousand  miles  from  the 
earth’s  magnetic  poles.  In  an  action  similar 
to  that  of  a  neon  lamp,  these  particles  pro¬ 
duce  the  aurora  borealis  (northern  lights) 
and  aurora  australis  ( southern  lights )  in  the 
rarefied  atmosphere  a  few  score  miles  above 
the  earth. 

Of  course,  the  whole  theory  is  far  more 
complicated,  and  parts  of  it  are  still  in  the 
realm  of  hypothesis.  Other  charged  parti¬ 
cles  may  be  involved  and  may  produce 
effects  beyond  those  described.  There  are 
disagreements  about  the  origin  of  the  par¬ 
ticles.  The  whole  situation  illustrates  the 
unexpected  and  valuable  knowledge  and 
understanding  which  often  emerge  from  re¬ 
search. 

12-9  Magnetic  fields  can  control 
charged  particles  in  nuclear  reactors.  Re¬ 
actions  involving  the  fusion  of  nuclei  have 
been  achieved  in  the  laboratory  and  in 
thermonuclear  explosions  (H-bombs).  Phys¬ 
icists  currently  are  trying  to  develop  a  tech¬ 
nique  for  obtaining  useful  energy  from  con¬ 
trolled  nuclear  fusion  reactions.  Although 
research  scientists  feel  sure  that  this  will  be 
accomplished  soon,  serious  obstacles  re- 
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main  to  be  overcome.  One  is  that  the  reac¬ 
tions  occur  only  at  temperatures  of  about 
a  million  degrees  Celsius.  To  keep  the 
reaction  progressing,  however,  the  sub¬ 
atomic  particles  involved  must  be  very  close 
together.  This  requires  the  use  of  a  con¬ 
tainer.  But  what  container  will  withstand 
such  enormous  temperatures? 

One  possible  solution  may  be  the  confin¬ 
ing  of  the  reacting  particles  within-  a  mag¬ 
netic  field.  Many  proposals  for  doing  this 
have  been  tried,  but  none  has  been  success¬ 
ful  to  date.  The  prospects  are  exciting, 
since  controlled  thermonuclear  reaction 
would  use  relatively  abundant  fuels.  Fur¬ 
thermore,  there  appears  to  be  a  good  pos¬ 
sibility  that  such  reactors  may  be  free  from 
dangerous  radiation. 

The  charged  particles  in  such  a  reactor 
constitute  what  is  called  a  .  All  of 

the  atoms  are  ionized,  and  there  are  ap¬ 
proximately  equal  numbers  of  positive  and 
negative  particles.  A  plasma  is  sometimes 
called  a  fourth  state  of  matter,  in  addition 
to  solids,  liquids,  and  gases. 

Thus,  the  behavior  of  charged  particles  in 
nuclear  reactions  can  be  controlled  accord¬ 
ing  to  the  by-now  familiar  principle:  When 
a  charged  object  moves  across  a  magnetic 
field,  it  experiences  a  force  perpendicular  to 
its  movement  and  to  the  field. 


TWELVE 
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1.  For  what  purpose  is  a  mass  spectrometer 
used? 

2.  If  two  particles  of  the  same  charge  but  of 
different  mass  move  with  the  same  velocity 
across  a  magnetic  field,  which  is  deflected 
more? 

3.  In  a  mass  spectrometer,  how  are  the  ions 
accelerated? 

4.  How  is  the  electron  beam  in  a  TV  tube 
made  to  move  across  the  screen? 

5.  Why  do  typical  charged  particles  which  are 
trapped  in  the  earth’s  magnetic  field  not 
fall  to  the  earth? 

6.  What  are  the  Van  Allen  belts? 

7.  How  might  magnetic  fields  help  a  controlled 
thermonuclear  reaction? 

8.  What  is  a  plasma? 


<  J  1 1 1  .  i 


1.  Which  electrons  in  a  TV  picture  tube  are 
unaffected  by  the  magnetic  focusing  field? 

2.  It  is  known  that  electron  radiation  from  the 
sun  is  particularly  intense  during  periods  of 
sunspot  activity.  Why  are  such  periods 
often  accompanied  by  auroral  activity? 


The  Meter  Bffeet 


11=10  A  magnetic  field  can  move  a 
current-bearing  wire.  The  student  in  Fig. 
12-11  is  finding  out  what  happens  when  he 
places  a  wire  with  current  in  it  across  the 
magnetic  field  of  a  powerful  permanent 
magnet.  The  wire  is  part  of  a  simple  circuit 
which  includes  the  cell.  The  emf  of  the 
cell  and  the  resistance  of  the  circuit  are 
such  that  the  current  is  a  few  amperes.  If 
you  were  to  do  this  experiment,  here'  is 


what  you  would  find  out: 

a.  When  the  wire  has  current  and  is  placed 
across  the  magnetic  field  it  experiences 
a  force. 

b.  When  the  wire  has  current  and  is  placed 
well  away  from  the  magnet,  it  experi¬ 
ences  no  force. 

c.  When  the  wire  has  no  current  and  is 
placed  across  the  magnetic  field,  it  ex¬ 
periences  no  force. 
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Figure  12—11  A  wire  is  held  horizontally 
across  a  magnetic  field.  As  electrons  flow 
toward  the  upper  right,  the  wire  itself  is 
forced  upward. 

d.  When  the  wire  has  no  current  and  is 
placed  well  away  from  the  magnet,  it 
experiences  no  force. 

e.  When  the  wire  has  current  and  is  placed 
parallel  to  the  magnetic  field,  it  experi¬ 
ences  no  force. 

From  these  observations  you  can  con¬ 
clude  ( 1 )  that  there  must  be  current 
in  the  wire  and  (2)  that  the  current 
direction  must  be  across  the  magnetic 
field  for  there  to  be  a  force  on  the  wire. 

f.  When  the  wire  conducts  electrons  away 
from  you,  the  wire  experiences  a  vertical 
force. 

g.  When  the  wire  conducts  electrons  to¬ 
ward  you,  the  wire  experiences  a  vertical 
force  opposite  to  that  in  (f)  above. 

From  these  observations  you  can  con¬ 
clude  that  the  direction  of  the  force 
on  the  wire  is  at  right  angles  to  the 
direction  of  curretit  and  also  to  that  of 
the  magnetic  field.  It  also  appears 
that  the  direction  of  current  influences 
the  direction  of  force. 

h.  If  the  magnet  poles  are  reversed,  the 
direction  of  the  force  on  the  wire  is 
reversed. 


From  this  observation  you  can  see 
that  the  direction  of  the  magnetic  field 
influences  the  direction  of  the  force. 

i.  If  you  vary  the  intensity  of  the  current 
in  the  wire,  the  magnitude  of  the  result¬ 
ing  force  varies  accordingly. 

From  this  you  can  conclude  that  the 
force  on  the  wire  is  directly  dependent 
on  the  intensity  of  the  current. 

j.  If  you  substitute  weaker  or  stronger  mag¬ 
nets,  the  magnitude  of  the  resulting  force 
varies  accordingly. 

From  this  you  can  conclude  that  the 
force  on  the  wire  is  directly  dependent 
on  the  flux  density  of  the  magnetic 
field. 

Because  the  principle  underlying  this  ex¬ 
periment  also  underlies  the  operation  of 
electric  motors,  existence  of  a  force  on  a 
current  across  a  magnetic  field  is  called  the 

meteF  eftetf- 

The  motor  effect  should  be  neither  sur¬ 
prising  nor  mysterious  to  you.  After  all, 
an  electric  current  is  a  flow  of  electrons. 
These  experience  a  deflecting  force  as  they 
move  across  a  magnetic  field.  Since  they 
cannot  escape  the  wire,  they  take  the  wire 
with  them  as  they  are  deflected. 

The  three-finger  rule  (p.  280)  also  ap¬ 
plies  to  the  deflection  of  a  current-carrying 
wire  across  a  magnetic  field.  Use  the  left 
hand  in  the  same  way.  Be  sure  the  thumb 
points  in  the  direction  of  electron  flow  — 
from  negative  to  positive. 

11=11  The  force  due  to  the  motor  effect 
is  easily  computed.  In  many  practical  situ¬ 
ations,  particularly  those  involving  electric 
motors,  it  is  useful  to  know  the  magnitude 
of  the  force  due  to  the  motor  effect.  On 
p.  280  you  learned  that  the  force  on  a 
particle  moving  across  a  magnetic  field  can 
be  computed  by  the  formula: 

F  =  BQv 

Now  convert  this  into  a  formula  which  in¬ 
volves  not  charge  Q  but  electric  current  I. 
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You  know  that  current  is  charge  per  unit 
time: 

I  =  Q/t  or  Q  =  It 
Substituting  in  the  force  equation: 

F  =  BItv 

Velocity  is  distance,  l,  divided  by  time,  t, 
where  l  is  the  distance  traveled  by  a  parti¬ 
cle  while  in  the  field.  If  the  particle  is 
traveling  in  a  wire,  l  is  the  part  of  the  wire 
in  the  field.  Again  substituting  in  the  equa¬ 
tion: 

F  =  Bit  - 
t 

This  in  turn  is  equivalent  to: 

F  =  Bit 

That  is,  the  force  in  newtons  due  to  the 
motor  effect  is  equal  to  the  product  of  the 
flux  density  in  teslas,  the  current  in  amperes, 
and  the  length  of  the  conductor  in  meters. 

12-12  A  current  loop  placed  in  a  mag¬ 
netic  field  will  rotate.  When  the  wire  in  the 
experiment  of  Fig.  12-11  moves,  it  could  be 
made  to  do  useful  work.  Obviously,  this 
movement  represents  energy.  What  is  the 


source  of  this  energy?  It  cannot  come  from 
the  magnetic  field,  which  is  as  strong  as  it 
was  before  the  experiment  was  performed. 
The  mechanical  energy  must  come  from  the 
electric  energy  supplied  by  the  cells  in  the 
circuit.  This  basic  principle  underlies  the 
operation  of  electric  motors,  although  many 
modifications  are  needed  to  transform  this 
experiment  into  a  useful  rotating  electrical 
machine. 

A  simple  electric  motor  has  a  loop  of  wire 
(armature)  free  to  rotate  in  a  magnetic 
field,  as  in  Fig.  12-12.  If  electrons  recede 
in  side  A  of  the  loop,  the  resulting  force 
makes  that  conductor  rise.  At  the  same 
time,  the  approaching  electrons  in  side  B 
of  the  loop  force  it  down.  As  a  result,  the 
loop  rotates  counterclockwise  until  A  is  on 
top  and  B  is  at  the  bottom.  The  inertia  of 
the  loop  carries  it  slightly  past  this  point, 
but  then  the  loop  moves  back  to  the  vertical 
position,  which  is  as  far  as  it  can  go. 

To  obtain  continuous  rotation,  the  cur¬ 
rent  in  the  loop  must  now  be  reversed.  This 
is  accomplished  by  using  a  pair  of  split 
rings  (commutator),  as  in  Fig.  12-12b. 
The  split  rings  are  mounted  on  the  same 


Figure  12—12  a.  Current  exists  in  the  rec¬ 
tangular  loop,  with  electrons  moving  in  the 
directions  shown  by  red  arrows.  As  a  result, 
side  A  of  the  loop  experiences  an  upward 
force,  while  side  B  experiences  a  downward 
force.  To  maintain  continuous  rotation,  the  di¬ 
rection  of  electron  flow  must  be  reversed  every 
half  revolution.  This  is  done  with  the  split- 
ring-and-brushes  commutator  system  shown 
in  b. 


MOVING  CHARGES  IN  MAGNETIC  FIELDS 


shaft  as  the  loop  and  rotate  with  it.  The 
two  flexible  conductors  (brushes),  are 
fixed  and  rub  on  the  split  rings  as  they  ro¬ 
tate.  For  one  half  of  a  revolution,  brush 
No.  1  touches  split  ring  A  while  brush  No.  2 
touches  split  ring  B.  Since  brush  No.  1  is 
negative,  electrons  flow  into  A  and  out  of  B. 
One-half  revolution  later,  brush  No.  1 
touches  split  ring  B  and  brush  No.  2  touches 
split  ring  A;  and  electrons  flow  into  B  and 
out  of  A.  Thus,  the  direction  of  current  in 
the  rotating  loop  is  reversed  automatically 
every  half  revolution. 

12-13  Common  electric  motors  have 
certain  features.  Although  Fig.  12-12  illus¬ 
trates  the  principles  of  a  simple  direct- 
current  motor,  it  does  not  resemble  a  practi¬ 
cal  motor  in  appearance.  Some  of  the 
common  terms  used  to  describe  important 
parts  of  a  direct-current  motor  are: 

Field  core  and  winding  —  the  iron  core 
and  the  turns  of  wire  which  produce 
the  constant  magnetic  field.  In  almost 
all  dc  motors,  the  field  is  the  stationary 
outer  part,  or  stator. 

Armature  core  and  winding  —  the  iron 
core  and  the  turns  of  wire  which  ex¬ 
perience  the  force  due  to  the  motor 
effect.  In  almost  all  dc  motors,  the 
armature  is  the  rotating  inner  part,  or 
rotor. 

Commutator  segments  —  the  split  ring 
mounted  to  the  armature  shaft.  The 
name  comes  from  “commute,”  which 
means  “to  go  back  and  forth.” 

Brushes  —  the  conductors  which  rub 
against  the  rotating  commutator  seg¬ 
ments.  In  early  motors,  these  often 
were  made  of  many  strands  of  fine 
copper  wire  —  almost  literally  a  copper 
brush.  In  modern  motors,  brushes  are 
usually  rods  of  specially  prepared 
graphite. 

Stator  —  the  stationary  part  of  the  motor. 

Rotor  —  the  rotating  part  of  the  motor. 
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Practical  dc  motors  differ  from  the  motor 
of  Fig.  12-12  in  these  respects: 

The  fields  are  produced  by  an  electro¬ 
magnet,  which  can  be  connected  in 
series  with  the  armature  winding 
(series  wound)  or  in  parallel  (shunt 
wound)  or  in  a  combination  of  the 
two  (compound  wound). 

The  pole  faces  of  the  fields  are  curved, 
and  the  space  within  the  armature 
winding  is  filled  with  iron.  The  result¬ 
ing  high  relative  permeability  of  the 
motor  parts  increases  the  flux  density 
and  raises  the  efficiency  and  power  of 
the  motor. 

The  armature  windings  have  many  turns 
—  sometimes  several  hundred. 

There  are  usually  several  commutator 
segments,  sometimes  a  dozen  or  more. 
This  gives  the  motor  greater  power  and 
smoother  performance.  Simple  motors 
have  only  two  brushes,  however. 

In  some  motors,  the  armatures  bear  little 
resemblance  to  the  loop  in  Fig.  12-12;  they 
look  more  like  a  series  of  electromagnets 
mounted  radially  around  the  axis.  Some¬ 
times  the  operation  of  such  motors  is  ex¬ 
plained,  not  on  the  basis  of  the  principle 
given  on  page  286,  but  in  terms  of  attrac¬ 
tion  and  repulsion  between  the  armature 
poles  and  the  field  poles.  Such  an  explana¬ 
tion  is  valid;  however,  the  one  derived  from 
the  basic  principle  on  p.  286  is  closer  to 
fundamental  theory  and,  therefore,  more 
general  in  its  application,  and  more  useful 
to  you  as  a  student  of  physics. 


Do  It  Now 


Examine  a  dc  motor  or  a  universal  motor,  such 
as  those  found  on  vacuum  sweepers,  sewing 
machines,  and  model  locomotives.  Can  you 
find  the  parts  listed  on  pages  288  and  289? 
(The  motors  in  washers,  driers,  refrigerators, 
and  shop  tools  usually  are  different,  having  no 
brushes  or  commutator  segments.) 


spiral 

spring 


producing  a  sideways  force  on  the  con¬ 
ductor.  Only  current  causes  such  a  meter 
to  deflect,  whether  the  meter  measures  cur¬ 
rent,  potential  difference,  light  intensity,  or 
engine  revolutions  per  minute.  A  sensitive 
current-measuring  meter  is  called  a  gal¬ 
vanometer  Figure  12-14  shows  how  a 
galvanometer  is  used  in  ammeters  and  volt¬ 
meters. 
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Figure  12-13  The  moving  coil  of  this  meter 
movement  has  a  spiral  spring  above  and  be¬ 
low  it.  Electrons  are  conducted  in  through 
one  spring,  through  the  coil  of  wire,  and  out 
through  the  other  spring.  As  a  result,  the 
pivoted  coil  moves,  swinging  the  attached 
pointer  across  the  scale  of  the  meter. 

12-14  The  operation  of  electric  meters 
depends  on  the  motor  effect.  The  opera¬ 
tion  of  many  electric  meters  is  almost  iden¬ 
tical  to  that  of  an  electric  motor.  Figure 
12-13  shows  the  construction  of  a  perma¬ 
nent-magnet,  moving-coil,  meter  movement. 
The  core  is  stationary,  permitting  the  coil 
( corresponding  to  a  motor  armature )  to  be 
very  light  in  weight  and,  hence,  easily 
moved.  Note  also  that  there  is  no  com¬ 
mutator;  electrons  enter  and  leave  the  coil 
through  the  two  spiral  springs  above  and 
below  it. 

When  current  exists  in  the  coil,  it  behaves 
like  the  armature  of  a  motor,  moving  be¬ 
cause  of  the  force  acting  on  its  conductors. 
As  the  coil  moves,  the  springs  are  wound,  or 
unwound,  and  exert  a  back  twisting  force  or 
torque  on  the  coil.  When  the  back  torque 
of  the  spring  just  equals  the  torque  devel¬ 
oped  by  the  coil,  the  meter  comes  to  rest. 
The  deflection  is  directly  proportional  to 
the  torque,  which  in  turn  is  directly  propor¬ 
tional  to  the  current  producing  it. 

In  a  permanent-magnet,  moving-coil  type 
of  meter  movement,  the  needle  moves  be¬ 
cause  a  current  crosses  a  magnetic  field, 


1 .  Why  is  the  three-finger  rule  for  the  motor 
effect  the  same  as  that  for  electrons  moving 
in  space? 

2.  What  is  the  direction  of  the  deflecting  force 
on  a  stream  of  alpha  particles  moving  away 
from  you  across  a  magnetic  field  whose  di¬ 
rection  is  down? 

3.  A  wire  20  cm  long  carries  a  current  of 
1  A  in  a  field  of  1  X  10-2  T.  Another  wire 
10  cm  long  carries  a  current  of  3  A  in  a 
field  of  2  X  10  _  2  T.  Which  experiences  the 
greater  force?  How  much  greater? 

4.  What  energy  change  occurs  in  an  electric 
motor? 

5.  What  is  the  armature  in  a  motor? 

6.  Why  are  brushes  and  a  split  ring  needed  in 
a  motor  such  as  that  in  Fig.  12—12? 

7.  What  is  the  name  of  the  split  ring  in  a 
motor? 

8.  Why  are  brushes  and  split  ring  unnecessary 
in  an  electric  meter? 

9.  How  can  a  galvanometer  be  arranged  to  be 
used  as  a  voltmeter? 


Problems 


1 .  A  wire  12  m  long  hangs  perpendicu¬ 
larly  across  a  magnetic  field  whose  flux  density 
is  0.015  T.  How  great  must  the  current  be  to 
produce  a  motor-effect  force  of  1.0  N? 

2.  A  single  conductor  of  a  power  trans¬ 
mission  line  is  40  m  long  and  carries  a  dc  current 
of  80  A.  It  lies  perpendicularly  across  the 
earth’s  magnetic  field  somewhere  in  Canada; 
the  field  is  20X10-6  T.  What  is  the  magnitude 
of  the  resulting  force? 
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The  needle  of  this  galvanometer  will  deflect  to  one  of  the  points  marked  5  when  there  is  a  current 
of  500  mA  (0.000500  A)  in  the  coil.  It  is  used  primarily  to  see  whether  or  not  a  current  exists 
when  only  a  very  small  current  is  expected.  The  needle  is  set  to  read  0  in  the  middle  so  that 
the  user  can  tell  the  direction  of  the  current.  For  purposes  of  illustration,  assume  that  the  coil 
of  this  galvanometer  has  a  resistance  of  1 00  S2. 


The  same  galvanometer  can  be  converted  into  a  meter  movement  with  the  zero  deflection 
at  the  left  end  of  the  scale,  as  shown  here.  In  that  case,  the  galvanometer  would  measure 
up  to  lOOO^A  (0.001 000  A).  When  the  0  is  not  in  the  middle  of  the  scale,  the  current 
meter  must  be  connected  correctly  in  the  circuit,  so  that  the  coil  does  not  twist  to  the  left; 
such  a  twist  might  bend  the  needle  or  damage  the  coil. 


To  convert  the  same  meter  movement  into  an  ammeter  for  measuring  a  maximum 
current  of  1.000  A,  place  a  resistor  in  parallel  with  the  coil.  The  added  resistor  is 
called  a  shunt.  The  maximum  permissible  current  in  the  coil  is  0.001000  A.  There¬ 
fore  the  shunt  must  carry  the  rest  of  the  current,  or  0.999  A,  as  shown  here.  Since 
the  shunt  and  the  coil  are  in  parallel,  the  IR  drop  is  the  same  in  each: 


0.999  A  X  R, hunt  =  0.00 1000  A  X  100  0 

_  ojoao 

hunt  g  yyy 

=  0.1001  0 

For  all  practical  purposes,  in  this  case,  a  0.1 -ohm  shunt  will  make  this  galvanometer  into 
an  ammeter  with  a  full  scale  reading  of  1  A.  An  ammeter  is  connected  in  series  in  a 
circuit.  It  has  a  low  resistance  compared  with  the  resistance  of  the  rest  of  the  circuit. 


To  convert  the  same  meter  movement  info  a  voltmeter  with  a  maximum  reading  of 
10.0  V,  add  a  resistor  in  series  with  the  meter  movement,  as  shown  at  the  left.  The 
current  through  the  coil  must  still  be  limited  to  0.001 000  A,  and  this  is  also  the 
current  through  the  series  resistor.  The  total  IR  drop  must  be  10.0  V: 


o.ooi  ooo  a  [r  +  1000)  =  10.0  V 

10.0  V 


r  +  i  oo  o  = 


0.001000  A 

r  =  1 0,000  n  -  i  oo  a 

R  =  9,900  0 


The  deflection  of  the  needle  of  a  voltmeter  is  caused  by  current,  but  since  the  resistance  in  the  meter  is  fixed,  the  dial  can  be 
calibrated  (marked)  to  read  IR  (volts)  instead  of  amperes.  A  voltmeter  is  connected  in  parallel  across  the  two  points  in  the  cir¬ 
cuit  between  which  you  wish  to  measure  the  potential  difference.  It  has  a  high  resistance  compared  with  the  resistance  of 
the  rest  of  the  circuit. 

Other  instruments  that  use  a  meter  movement  as  part  of  their  design  are  light-intensity  meters,  ohmmeters,  certain  meters 
that  measure  the  speed  of  motors,  and  certain  temperature  measuring  devices. 


Figure  12-14  How  a  moving-coil  galvanometer  is  used  in  various  kinds  of  meters. 


3.  A  meter  movement  with  a  resistance 
of  4.0  Q  turns  through  its  maximum  deflection 
when  there  is  a  current  of  0.020  A.  What  re¬ 
sistance  should  be  used  to  convert  this  meter 
movement  into  an  ammeter  measuring  currents 
up  to  20  A?  How  should  the  resistor  be  con¬ 
nected? 


4.  How  can  the  meter  movement  of 
Problem  3  be  converted  to  a  voltmeter  with  a 
range  of  30  V? 


5.  A  permanent-magnet,  moving-coil 
meter  is  designed  to  have  a  magnetic  flux 
density  between  the  pole  faces  and  the  core 


291 


of  0.15  T.  The  coil  consists  of  exactly  2001/2 
turns  of  wire  wound  on  a  square  form,  2.0  cm 
on  a  side.  (The  half-turn  is  necessary  because 
the  wire  enters  one  end  of  the  coil  and  leaves 
the  other  end.)  What  is  the  torque  on  the 
coil  when  the  current  in  it  is  1.0  milliampere? 


I  lio  iicaiiiii  t.liioql  i 


1 .  Conventional  current  is  defined  as  flowing 
from  positive  to  negative;  electron  current 
flows  from  negative  to  positive.  What  is  the 
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value  of  using  the  latter  concept  in  ana¬ 
lyzing  the  motor  effect? 

2.  A  century  ago,  experimenters  did  not  know 
whether  current  in  a  wire  consisted  of  nega¬ 
tive  charges  moving  in  one  direction,  posi¬ 
tive  charges  moving  in  the  opposite  direc¬ 
tion,  or  both.  Why  could  they  not  determine 
this  by  analyzing  the  direction  of  the  motor 
effect? 

3.  Suppose  you  are  facing  a  U-magnet  whose 
S-pole  is  at  your  left  and  whose  N-pole  is  at 
your  right.  If  you  hold  a  wire  vertically  in 
the  field  with  its  top  connected  to  the  posi¬ 
tive  terminal  and  its  bottom  to  the  negative 
terminal  of  a  source  of  electric  energy,  in 
which  direction  is  the  resulting  force? 


4.  What  would  be  the  result  if,  in  Fig.  12-12, 
brush  No.  1  were  positive  and  brush  No.  2 
were  negative? 

5.  Since  current  in  opposite  sides  of  a  loop 
is  in  opposite  directions,  why  do  not  the 
forces  in  opposite  directions  on  the  loop  in 
the  simple  motor  of  Fig.  12—12  cancel  each 
other? 

6.  Why  are  the  armature  and  field  windings 
of  an  electric  motor  usually  wound  on  an 
iron  core? 

7.  If  the  motor  of  Fig.  12-12  were  supplied 
with  ac,  would  it  work?  Why?  What 
change  in  design  do  you  recommend? 


The  Generator  Effect 


12-15  A  conductor  moving  across  a 
magnetic  field  generates  an  electromotive 
force.  The  student  in  Fig.  12-15  is  con¬ 
ducting  an  experiment  much  like  that  in 
Fig.  12-11.  Again  a  magnetic  field  is  pro¬ 
vided  by  a  strong  permanent  magnet.  This 
time,  however,  the  student  holds  the  wire 
vertically  and  moves  it  toward  you  and 


away  from  you,  back  and  forth  through  the 
field.  The  moving  wire  is  connected  to  a 
sensitive  electric  meter  —  a  galvanometer 
—  which  indicates  the  existence  of  a  feeble 
electric  current,  and  hence  of  the  electromo¬ 
tive  force  (emf)  which  produces  the  cur¬ 
rent.  From  this  experiment,  the  student 
could  observe  and  conclude  the  following: 


Figure  12-15  The  vertical  wire  is  being  pushed  away  from  you,  the  reader.  When  this 
is  done  under  the  proper  conditions,  the  free  electrons  of  the  wire  are  forced  upward. 
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a.  When  the  wire  is  moved  across  the  mag¬ 
netic  field,  an  emf  is  produced. 

b.  When  the  wire  is  moved  in  a  region  well 
away  from  the  magnet,  there  is  no  emf. 

c.  When  the  wire  is  moved  parallel  to  the 
magnetic  field,  there  is  no  emf. 

d.  When  the  wire  is  held  stationary  in  a 
position  well  away  from  the  magnet, 
there  is  no  emf. 

e.  When  the  wire  is  held  stationary  in  a 
position  within  the  magnetic  field,  there 
is  no  emf. 

From  these  observations  you  can  conclude 
that  the  wire  must  be  moved  across  the 
magnetic  field  for  an  emf  to  be  generated. 
It  is  evident  that  the  top  of  the  wire  is 
either  positive  or  negative  with  respect  to 
the  bottom.  From  this  you  can  conclude 
that  the  generated  emf  is  at  right  angles  to 
the  motion  and  also  to  the  magnetic  field. 

f.  When  the  wire  is  moved  across  the  field 
and  away  from  you,  an  emf  is  produced. 

g.  When  the  wire  is  moved  across  the  field 
and  toward  you,  an  emf  is  produced 
whose  polarity  is  opposite  to  that  in  (f) 
above. 

From  these  observations  you  can  conclude 
that  the  direction  of  motion  determines  the 
direction  of  generated  emf. 

h.  If  the  magnets  poles  are  reversed,  the 
direction  of  the  generated  emf  is  re¬ 
versed. 

From  this  observation  you  can  see  that  the 
direction  of  the  generated  emf  is  deter¬ 
mined  by  the  direction  of  the  magnetic  field. 

i.  If  you  vary  the  velocity  of  movement  of 
the  wire,  the  magnitude  of  the  generated 
emf  varies  accordingly. 

From  this  you  can  conclude  that  the  gen¬ 
erated  emf  is  directly  dependent  on  the 
velocity  of  the  moving  wire. 


j.  If  you  substitute  weaker  or  stronger 
magnets,  the  magnitude  of  the  generated 
emf  varies  accordingly. 

From  this  you  can  conclude  that  the  gen¬ 
erated  emf  is  directly  dependent  on  the  flux 
density  of  the  magnetic  field. 

If  you  try  this  experiment,  you  may  have 
trouble  seeing  the  galvanometer  needle 
move  because  the  emf  is  very  small;  how¬ 
ever,  you  can  easily  do  the  experiment  in 
Fig.  12-16,  Make  a  coil  of  wire  with  several 
turns,  connect  the  ends  to  a  galvanometer, 
and  move  the  coil  rapidly  toward  the  N-pole 
of  a  bar  magnet.  The  galvanometer  will 
deflect,  showing  that  you  have  produced  an 
emf  in  the  coil.  The  emf  changes  direction 
when  you  pull  the  coil  away  from  the  mag¬ 
net  or  when  you  use  the  S-pole  instead  of 
the  N-pole. 

In  this  case,  the  wire  in  the  coil  which  is 
moving  in  a  magnetic  field  has  most  of  its 
motion  perpendicular  to  the  field  (Fig. 
12-16,  Accordingly  you  would  expect 

Figure  12-16  If  you  move  a  coil  of  wire 
(with  at  least  ten  turns  in  it)  toward  a  magnet, 
a  galvanometer  in  the  circuit  will  deflect, 
showing  that  an  emf  has  been  produced  in 
the  coil. 
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an  emf  to  be  generated.  You  may  prefer  to 
think  of  the  coil  this  way:  Through  the 
area  of  the  coil  there  is  a  certain  amount  of 
magnetic  flux.  As  you  move  the  coil  toward 
the  magnet,  the  amount  of  flux  through  the 
coil  increases.  Whenever  the  flux  through 
a  coil  changes,  an  emf  is  generated. 

Because  the  principle  underlying  these 
experiments  also  underlies  the  operation  of 
electric  generators,  it  is  called  the  §@R@F8t8F 
an  emf  is  generated  in  a  conductor 
whenever  the  conductor  moves  across  a 
magnetic  field  or  whenever  the  magnetic 
flux  changes  inside  a  coil. 


I  ht  I  <  IN  «  ►  T  V 


1.  Do  the  experiment  of  Fig.  12—16,  but  hold 
the  coil  still  and  move  the  magnet.  Does  it 
matter  whether  the  coil  or  the  magnet 
moves?  Does  the  flux  through  the  coil 
change  in  both  cases? 

2.  Suppose  the  wire  in  Fig.  12—15  were  held 
still  and  the  permanent  magnet  were  moved 
first  toward  you,  then  away  from  you.  What 
would  be  the  result? 


Figure  12—17  In  this  diagram  a  vertical 
conductor  of  length  l  moves  away  from  you 
between  the  poles  of  a  magnet.  Its  motion 
is  perpendicular  to  the  magnetic  field,  which 
is  shown  by  the  red  arrow.  As  it  moves  the 
distance  As,  it  sweeps  out  the  area  Ad, 
through  which  the  flux  A4>  is  SAd.  The  emf 
generated  is  A<E>/At. 


11=1#  The  magnitude  of  the  generated 
emf  is  easily  determined.  To  determine 
the  size  of  the  generated  emf,  start  with 
the  equation  used  to  define  the  volt  (see 
p.  241): 


7  = 


work 

~Q~ 


But  work  =  FI.  Therefore: 


The  force  is  caused  by  motion  of  the  charge 
through  the  field  and  is  equal  to  BQv. 
Substitute  this  for  F : 

=  BQvl 

Q 

V  =  Bvl 

where  B  is  the  magnetic  flux  density  in  T,  v 
is  the  velocity  of  the  moving  wire  in  m/ sec, 
and  l  is  the  length  of  the  moving  wire  in  m. 

This  expression  is  completely  consistent 
with  the  observations  of  the  experiment  in 
Fig.  12-15.  Notice  that  this  formula  is  for 
the  emf  generated  in  a  conductor  moving 
perpendicularly  across  a  magnetic  field. 
The  equation  can  be  expressed  in  another 

As 

way.  Remember  that  v  —  — ,  where  A s  is 
^  At 

the  distance  the  wire  moves  in  the  time 

At,  as  shown  in  Fig.  12-17.  Therefore: 

=  B(As)l 
At 


But  (As)lis  the  area  covered  by  the  wire  in 
its  motion,  of  A  A.  Thus: 


V  = 


BAA 

At 


You  will  remember  from  p.  281  that  B 
times  area  is  the  flux  ( 4> )  through  the  area. 
Therefore  BAA  =  A<t>,  and 
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This  formula  for  a  generated  emf  is  very 
useful  for  electric  transformers  as  well  as 
for  electric  generators. 

1 2=1  ^  The  generator  effect  and  motor 
effect  are  basically  alike.  The  generator 
effect  and  the  motor  effect  really  are  differ¬ 
ent  aspects  of  the  basic  physical  principle 
that  when  a  charged  object  moves  across  a 
magnetic  field,  it  experiences  a  force  per¬ 
pendicular  to  its  movement  and  to  the  field. 
It  is  easy  to  see  how  this  applies  to  the 
motor  effect  if  you  think  of  an  electric 
current  as  a  flow  of  charges  (electrons). 
But  how  does  the  principle  apply  to  the 
generator  effect? 

The  first  view  of  Fig.  12-18  simplifies  the 
experiment  of  Fig.  12-15  by  showing  only  a 
short  section  of  the  moving  vertical  wire. 
The  second  diagram  shows  a  single  free 
electron  within  the  moving  wire.  Note  that 
the  electron  moves  away  from  you,  just  as 
in  Fig.  12-3. 

Each  electron  in  the  moving  wire  con¬ 
stitutes  a  tiny  electric  current  in  which  the 
negative  charge  moves  away  from  you. 
Each  moving  charge  is  surrounded  by  a 
magnetic  field  and  therefore  experiences  a 
force  perpendicular  to  its  movement  and  to 
the  direction  of  the  magnetic  field  in  which 
it  moves.  In  this  case,  however,  the  de¬ 
flecting  force  is  parallel  to  the  wire.  That  is, 
an  emf  is  produced  in  the  wire,  and,  if  a 
complete  circuit  exists,  there  is  a  current  in 
the  wire. 

12=1§  The  three-finger  rule  gives  the 
direction  of  the  generator  effect.  Since  the 
motor  effect  and  the  generator  effect  are 
applications  of  one  fundamental  principle, 
it  is  not  surprising  that  the  same  three-finger 
rule  for  determining  direction  applies  in 
each  case.  Again  use  the  left  hand.  In  this 
case,  the  thumb  represents  direction  of  mo¬ 
tion  (movement  of  the  wire),  the  index 
finger  represents  direction  of  magnetic 
field,  and  the  middle  finger  represents  direc- 
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deflecting  force 
on  electron 


motion  of  free  electron 
due  to  motion  of  wire 


b 

Figure  12-18  In  a  a  vertical  wire  is  moving 
away  from  you.  Think  of  a  single  free  elec¬ 
tron  in  the  moving  wire,  as  illustrated  in  b. 
This  electron  is  moving  away  from  you  and 
across  the  magnetic  field,  and  hence  experi¬ 
ences  an  upward  force.  Thus  the  electrons 
tend  to  crowd  upward  in  the  conductor;  this 
creates  an  unequal  distribution  of  charge  in 
the  wire  —  this  is  an  emf. 


tion  of  force  on  electrons  ( direction  in 
which  electrons  tend  to  move ) . 

Be  careful  in  using  this  rule.  In  Fig.  12- 
18,  if  the  electrons  are  forced  upward  in  the 
wire,  there  tends  to  be  an  excess  of  elec¬ 
trons  at  the  top  and  a  deficiency  of  electrons 
at  the  bottom.  Thus,  in  a  circuit  the  wire 
in  which  the  emf  is  generated  resembles  a 
cell  with  the  top  of  the  wire  corresponding 
to  the  negative  terminal  and  the  bottom,  the 
positive  terminal. 

12-19  A  current  loop  rotating  in  a 
magnetic  field  generates  an  emf.  The  ex¬ 
perimenters  of  Figs.  12-15  and  12-16 
clearly  are  producing  electric  energy.  If 
this  energy  were  greater,  it  might  be  use- 
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ful.  Evidently,  the  source  of  this  energy 
is  not  the  magnetic  field,  since  that  remains 
unchanged  after  the  experiment  is  com¬ 
pleted.  The  work  (force  X  distance)  pro¬ 
vides  the  input  energy  for  this  generator 
action. 

Modern  electric  generators  are  based  on 
the  arrangement  shown  in  Fig.  12-19a.  The 
simple  loop  is  rotated  continuously  on  its 
long  axis.  In  the  position  shown,  side  A  of 
the  loop  is  receding;  hence  free  electrons 
are  forced  upward.  At  the  same  time,  side 
B  is  approaching,  so  its  free  electrons  are 
forced  downward.  The  two  emfs  support 
each  other  in  forcing  electrons  counter¬ 
clockwise  around  the  loop,  so  that  end  A 
has  an  excess  of  electrons,  while  end  B  has 
a  deficiency.  Because  the  loop  rotates  con¬ 
tinuously,  means  must  be  devised  for  mak¬ 
ing  electric  connections  without  twisting 
the  wires.  This  is  done  by  a  pair  of  slip 
rings  which  turn  with  the  loop  and  rub 
against  a  pair  of  stationary  contact  strips 
or  brushes  (Fig.  12-19b). 


12-20  The  alternating  emf  produced 
can  be  converted  to  a  direct  emf.  In  Fig. 
12-19,  it  is  quite  evident  that  conductor  A 
cannot  always  be  receding  and  having  its 
electrons  forced  upward.  Actually,  the  di¬ 
rection  of  motion  reverses  every  half-rota¬ 
tion  of  the  loop.  Careful  analysis  reveals 
also  that  the  generated  emf  changes  con¬ 
stantly  in  magnitude  even  within  each  half¬ 
revolution. 

Figure  12-20  is  a  variation  of  Fig.  12-19. 
If  the  emf  generated  in  the  loop  is  plotted 
against  the  position  of  the  loop,  the  result¬ 
ing  graph  is  as  shown  in  Fig.  12-20b. 
Mathematically,  this  is  the  curve  of  a  sine 
function,  and  the  emf  produced  by  this 
simple  generator  is  said  to  vary  sinusoidally. 
As  the  graph  in  Fig.  12-20b  shows,  the 
generated  emf  is  changing  constantly  and 
reverses  its  direction  every  half-revolution 
or  half-cycle.  This  is  referred  to  as  alter¬ 
nating  current  (ac).  Alternating  current  is 
usable  for  many  circuits  such  as  those  in¬ 
volving  lamps  and  heating  devices.  Others, 


Fig  ure  12—19  a.  The  rectangular  loop  of  wire  is  rotating  around  the  axis  shown  by  the 
dashed  line;  it  is  moving  counterclockwise  as  seen  from  the  top.  Hence,  electrons  in  A  are 
forced  upward;  those  in  B,  downward.  Later,  when  B  has  moved  over  toward  the  right 
side  of  the  picture,  electrons  will  go  up  in  B,  down  in  A;  the  generated  emf  is  alternating, 
b.  This  shows  how  the  generated  emf  can  be  connected  to  an  external  circuit  without 
twisting  off  wires  A  and  B  through  continuous  rotation.  Section  b  of  this  diagram  is  part  of 
a  greatly  enlarged. 


axis  of  rotation 


a 


I  Brush  1  always 
|  touches  the  slip 
[  ring  connected  to 
|  wire  A. 


b 
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Figure  12—20  a.  The  two  fragments  of  rotation  A d  and  Ad'  have  the  same  number  of 
degrees.  However,  when  the  loop  is  moving  through  the  angle  Ad,  the  conductors  are 
moving  perpendicularly  to  the  field,  while  at  Ad'  they  are  moving  in  a  direction  that  is 
almost  parallel  to  it.  b.  The  graph  shows  how  the  generated  emf  varies  during  the 
rotation.  Point  A  represents  maximum  emf  in  one  direction  (for  example,  at  A0),  while 
point  C  represents  the  maximum  in  the  opposite  direction,  180°  later.  One  complete 
rotation  occurs  between  points  A  and  E.  At  points  B  and  D  the  direction  of  rotation  is 
parallel  to  the  field,  so  the  emf  at  those  instants  is  zero.  The  emf  is  said  to  vary 
sinusoidally  because  the  graph  has  the  form  of  a  sine  curve. 


however,  require  direct  current,  where  emf 
and  current  are  in  one  direction  only. 

To  achieve  direct  current,  the  slip  rings 
are  replaced  by  a  split-ring  commutator  like 
that  used  in  the  motor  of  Fig.  12-12.  The 
resulting  emf  is  graphed  in  Fig.  12-21. 

/VWA 

Figure  12-21  This  graph  shows  the  form  of 
the  emf  produced  by  using  a  split-ring  com¬ 
mutator  instead  of  slip  rings. 

12-21  Lenz’s  law  is  a  fundamental 
principle  of  electricity.  In  an  operating 
electric  motor  the  wires  of  the  armature 
move  across  a  magnetic  field,  as  happens 
also  in  an  electric  generator.  The  fact  is 
that  an  operating  electric  motor  acts  also 
as  a  generator.  What  is  the  direction  of  the 
emf  produced?  You  can  determine  this 
from  Fig.  12-12:  Conductor  A  is  moving 


upward.  Movement  is  upward  and  field  is 
to  the  right,  so  electrons  of  the  generated 
emf  are  forced  toward  you.  This  is  oppo¬ 
site  in  direction  to  the  current  which  is 
causing  the  armature  to  rotate.  Therefore 
the  emf  which  an  operating  electric  motor 
produces  as  a  result  of  its  own  internal 
generator  action  is  called  its  counter  emf, 
or  back  emf.  In  motors  operating  normally, 
the  back  emf  is  nearly  as  great  as  the  ap¬ 
plied  emf.  Note  that  the  emf  available  to 
run  the  motor  is  equal  to  applied  emf  minus 
back  emf.  Study  Example  1  on  page  298. 

Counter  emf  illustrates  a  fundamental 
principle  in  electricity  known  as  Lenz’s  law: 
The  direction  of  an  induced  emf  is  such 
as  to  oppose  the  cause  producing  it. 

Lenz  reasoned  that  any  electric  current, 
including  that  of  back  or  counter  emf,  has 
the  ability  to  do  work.  You  can  see  that  if 
back  emf  were  in  the  same  direction  as 
applied  emf,  it  would  actually  help  run  the 
motor.  Indeed,  the  motor  might  run  itself 
and  even  have  considerable  generated  elec¬ 
tric  energy  left  over!  This,  of  course,  would 
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EXAMPLE  1 

A  1  20-V  motor  for  a  power  saw  is  known  to  have 
an  internal  resistance  of  1.5  12.  While  operating,  it 
draws  12  A.  What  is  the  back  emf  it  generates? 

Given:  emfappned  =  1  20  V 

I  =  12  A 

R  =  1.5  12 

To  find:  emfback 

Solution:  The  emf  available  to  run  the  motor  is 
equal  to  the  applied  emf  minus  the  back 
emf,  that  is: 

emfrun  ®mfapplied  ®m^back 

or 

®mfback  ®m^applied  emf  run 

Running  emf  is  related  to  internal  resist¬ 
ance  by  Ohm’s  law. 

emfrun  =  IR 

Therefore:  emfback  =  emfapplied  —  IR 

=  120  V  —  12A  X  1.5  12 
=  120  V  -  18  V 
=  102  V,  Answer 


contradict  the  law  of  conservation  of  en¬ 
ergy.  Thus  the  polarity  of  the  counter  emf 
cannot  be  the  same  but  must  be  the  oppo¬ 
site  of  the  polarity  of  the  applied  emf. 


S«‘ll  (  'hecli 


1 .  How  is  an  emf  generated? 

2.  Suppose  you  have  a  U-shaped  magnet,  with 
the  N-pole  on  top  and  the  S-pole  on  the 
bottom.  You  hold  a  conductor  horizontally 
before  you  and  push  it  away  from  you 
through  the  gap  between  the  poles  of  the 
magnet.  Will  the  left  or  the  right  end  of 
the  conductor  have  positive  electric  po¬ 
larity? 


3.  How  are  the  generator  effect  and  the  motor 
effect  alike? 

4.  Under  what  conditions  does  an  electric 
generator  need  no  commutator  segments? 

5.  If  a  500-V  industrial  motor  has  an  internal 
resistance  of  4  Cl  and  draws  20  A,  what 
back  emf  does  it  produce? 

6.  State  Lenz’s  law. 


Problems 


V  1 .  A  certain  conductor  generates  an  emf 
of  1  millivolt  when  it  moves  perpendicularly 
across  a  magnetic  field.  What  emf  is  generated 
when  it  moves  at  the  same  speed  across  the 
same  field  at  an  angle  of  45 °? 

2.  A  metal  bar  8.0  cm  long  is  dropped 
crosswise  through  a  magnetic  field  whose  flux 
density  is  15  X  10~1 2  T.  What  is  the  emf  be¬ 
tween  its  ends  if  it  passes  through  the  field  at 
a  velocity  of  4.0  m/sec? 

3.  How  fast  must  a  30-cm  bar  drop 
through  the  field  in  Problem  2  to  produce  an 
emf  of  12  V? 

4.  A  rectangular  loop  10  cm  long  and 
6  cm  wide  moves  from  a  field  with  a  flux  den¬ 
sity  of  0.20  T  to  one  with  a  flux  density  of 
0.05  T  in  0.10  sec.  What  emf  is  produced?  If 
a  coil  having  100  loops  of  this  size  were  used, 
what  would  be  the  total  emf? 

5.  A  12-V  motor  is  known  to  generate 
a  back  emf  of  9.0  V  when  operating  at  full 
speed.  If  its  internal  resistance  is  1.5  fi,  what 
current  does  the  motor  draw  when  operating 
normally? 


I  >  i  %«•  1 1  *jfi  i « » 1 1  i  «•- nl  i « » 1 1 


1.  In  the  experiment  of  Fig.  12-16,  what  is 
the  source  of  the  energy  which  is  converted 
into  electric  energy? 

2.  What  is  the  advantage  in  looking  on  the 
generator  effect  as  an  application  of  the 
basic  principle  of  deflecting  force  on  a 
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moving  charge,  rather  than  as  a  separate 
and  distinct  phenomenon? 

3.  If  somewhere  in  Canada  a  metal  rod  is 
oriented  in  an  east-west  direction  and  then 
dropped,  which  end  of  the'  rod  will  show 
an  excess  of  electrons? 

4.  In  Fig.  12— 19a,  one  side  of  the  loop  crosses 
the  magnetic  field  toward  you,  while  the 
other  crosses  it  away  from  you.  Since  one 
emf  is  up  and  the  other  down,  why  is  the 
total  emf  in  the  loop  not  zero? 

5.  In  a  typical  medium-sized  electric  gener¬ 
ator,  the  field  current  may  be  5  to  10  A, 
while  the  current  generated  in  the  arma¬ 
ture  may  be  100  A  more.  Can  you  see  why 
medium  and  large  generators  usually  rotate 
the  field,  keeping  the  armature  stationary? 

6.  Sometimes  when  you  turn  on  a  motor  it 
may  not  start,  although  you  know  from  the 
hum  that  it  is  supplied  with  current.  Why 
should  you  either  turn  off  the  motor  im¬ 
mediately  or  try  to  start  it  by  spinning  it 
by  hand? 

7.  The  law  of  conservation  of  energy  accounts 
for  the  existence  of  counter  emf  in  an 
electric  motor.  What  is  the  corresponding 
phenomenon  in  an  electric  generator? 


Chapter 

Summary 


A  moving  electric  charge  may  be  thought  of 
as  a  tiny  electric  current  surrounded  by  a  mag¬ 
netic  field.  When  a  charge  moves  across  an¬ 
other  magnetic  field,  the  two  fields  interact  and 
produce  a  deflecting  force  on  the  moving 
charge  which  is  perpendicular  to  the  movement 
and  also  to  the  field  in  which  it  moves.  It 
makes  no  difference  whether  it  is  the  field  or 
the  charge  which  is  moving;  there  must  be 
relative  motion  between  them.  The  direction 
of  the  deflecting  force  can  be  predicted  from 
fundamental  theory,  or  from  the  three-finger 
rule.  The  path  of  a  particle  moving  in  a  di¬ 
rection  perpendicular  to  a  magnetic  field  is 


a  circle.  If  the  particle  is  not  moving  perpen¬ 
dicularly,  but  has  a  velocity  component  per¬ 
pendicular  to  the  field,  its  path  is  a  spiral. 
The  magnetic  flux  density  of  a  field  and  its 
total  flux  are  defined  in  terms  of  the  force  on 
a  moving  charge. 

The  ability  of  magnetic  fields  to  affect  the 
movements  of  charged  particles  underlies  the 
operation  of  the  mass  spectrometer  and  the 
television  picture  tube.  Magnetic  fields  also 
can  focus  streams  of  moving  electrons,  as  in  the 
magnetic  focusing  of  TV  picture  tubes  and  in 
the  capture  of  charged  particles  in  the  earth’s 
magnetic  field  in  the  upper  atmosphere.  Mag¬ 
netic  fields  deflect  particles  in  cloud  cham¬ 
bers  and  bubble  chambers  and  one  day  may 
contain  the  intense,  hot  plasma  of  thermonu¬ 
clear  reactors. 

A  conductor  carrying  current  across  a  mag¬ 
netic  field  experiences  a  sideways  force.  This 
is  called  the  motor  effect  and  is  explained  by 
the  general  relation  above.  Here  the  moving 
charges  (electrons)  are  trapped  in  the  wire; 
hence,  as  they  respond  to  the  deflecting  force, 
they  move  the  wire  with  them.  The  force  on 
such  a  wire  is  related  to  the  magnetic  field,  the 
current,  and  the  conductor  length.  Modem 
electric  motors  make  use  of  this  effect.  The 
armature  of  a  simple  motor  is  a  loop  which 
rotates  within  a  magnetic  field.  To  achieve 
continuous  rotation,  the  direction  of  current 
in  the  armature  loop  must  be  reversed  every 
half-revolution.  This  is  accomplished  by 
brushes  and  a  split-ring  commutator.  The  ro¬ 
tation  of  dc  motors  can  be  reversed  by  revers¬ 
ing  the  leads  of  either  the  armature  or  the  field. 
Permanent-magnet,  moving-coil  meter  move¬ 
ments  operate  on  the  motor  principle,  but  with¬ 
out  brushes  and  commutator,  since  continuous 
rotation  is  not  desired.  Although  such  meter 
movements  can  be  used  to  indicate  almost  any 
desired  variable,  they  actually  operate  because 
current  exists  in  the  movable  coil. 

When  a  conductor  is  moved  across  a  mag¬ 
netic  field,  an  emf  is  generated  in  the  conduc¬ 
tor.  This  is  another  illustration  of  the  principle 
that  a  charge  moving  across  a  magnetic  field 
experiences  a  lateral  deflecting  force.  Here  the 
deflecting  force  tends  to  move  free  electrons 
along  the  length  of  the  wire,  thus  generating 
an  emf.  The  emf  produced  by  this  generator 
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effect  is  related  to  the  magnetic  field,  the  ve¬ 
locity  of  movement,  and  the  length  of  the 
conductor.  Modem  electric  generators  use  this 
principle.  The  emf  in  the  armature  of  a  gen¬ 
erator  is  alternating.  The  construction  of  an 
electric  generator  is  similar  to  that  of  a  dc 
motor,  and  the  naming  of  parts  is  essentially 
the  same  in  both.  A  rotating  electric  motor 
operates  simultaneously  as  an  electric  gener¬ 
ator  and  produces  a  back  emf.  Hence,  the  IR 
drop  in  the  motor  itself  is  the  difference  be¬ 
tween  the  applied  and  back  emfs.  This  is  an 
application  of  Lenz’s  law,  which  states  that  the 
direction  of  an  induced  current  is  such  as  to 
oppose  the  cause  producing  it.  In  turn,  Lenz’s 
law  is  a  direct  corollary  of  the  law  of  conserva¬ 
tion  of  energy. 


Vocabulary- 

magnetic  deflection 
(p.  278) 

three-finger  rule 
( p.280 ,  295 ) 

tesla  ( p .  281 ) 
magnetic  flux  density 

( p.280 ) 

magnetic  flux  (p.  281 ) 
weber  (p.  281 ) 
mass  spectrometer 

(p.282) 

Van  Allen  belts 
(p. 284 ) 

aurora  borealis 
(p. 285 ) 
plasma  (p.  286) 
motor  effect  (p.  287) 
armature 

( p.288 , 289) 

split-ring  commutator 

(p.288) 

brush  (p.  289) 
stator  (p.  289) 
rotor  (p.  289) 


field,  of  motor  or 
generator  (p.  289) 

compound-wound 
motor  (p.  289) 

series-wound  motor 
(p.  289) 

shunt-wound  motor 
(p. 289) 

pole  faces  (p.  289) 

galvanometer  ( p.  290 ) 

permanent-magnet, 
moving-coil,  meter 
movement  ( p.  290 ) 

generator  effect 
(p.  294) 

slip  rings  (p.  296) 

alternating  current 
(p. 296) 

sinusoidal  curve 
(p.  296) 

Lenz’s  law  (p.  297) 

back  (counter)  emf 
(p. 297) 


Problems 

1.  What  is  the  deflecting  force  on  an 
alpha  particle  moving  at  1.0%  of  the  speed  of 
light  directly  across  a  magnetic  field  whose 
flux  density  is  0.0030  T? 

2.  Suppose  you  wish  to  demonstrate  the 
deflecting  force  on  a  charged  object,  as  in 
Fig.  19—2.  If  you  have  a  powerful  magnet 
which  produces  a  flux  density  of  0.15  T  be¬ 
tween  its  pole  faces  and  can  hurl  the  cork 
between  the  poles  at  12  m/ sec,  how  much 
charge  must  you  give  to  the  cork  for  it  to 
experience  a  deflecting  force  of  0.010  N? 

3.  A  conductor  30  cm  long  weighs  20  g 
and  is  held  horizontally  in  a  vertical  magnetic 
field  whose  flux  density  is  0.12  T.  What  cur¬ 
rent  must  be  in  the  conductor  in  order  for  the 
force  on  the  conductor  to  be  enough  to  support 
its  own  weight? 

4.  A  galvanometer  with  a  resistance  of 
50  12  has  maximum  deflection  when  the  cur¬ 
rent  is  400  fj. A.  Show  how  to  use  the  coil  for 
(a)  a  10- A  ammeter;  (b)  a  100-V  voltmeter. 

5.  At  a  certain  spot  on  the  earth,  the 
horizontal  component  of  the  earth’s  magnetic 
field  is  2.0  X  10-5  T.  A  wire  oriented  at  right 
angles  to  the  horizontal  component  is  moved 
vertically  with  a  velocity  of  20  m/sec.  How 
long  must  the  wire  be  to  generate  an  emf  of 
1.0  millivolt? 

6.  A  120-V  motor  with  an  internal  re¬ 
sistance  of  3.0 17  draws  a  current  of  8.0  A 
normally.  What  is  the  back  emf? 

7.  If  you  wanted  to  write  units  for  B 
into  an  equation,  and  wished  to  use  only  the 
meter,  kilogram,  second,  and  ampere  (mksa 
system  of  units),  what  units  should  you  use? 

8.  A  small  motor  has  a  rotating  loop 
consisting  of  300  turns  of  wire  in  a  rectangle 
whose  ends  are  6.0  cm  and  whose  sides  are 
12.0  cm.  The  armature  draws  4  A  of  current 
while  the  long  sides  of  the  loop  are  across  a 
field  whose  flux  density  is  0.12  T.  What  is 
the  torque  on  the  armature? 
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Discussion  Questions 

1 .  What  is  the  function  of  the  magnetic  field 
surrounding  a  bubble  chamber  such  as  that 
on  page  276? 

2.  From  what  direction  must  charged  particles 
approach  the  earth  in  order  to  be  unaffected 
by  its  magnetic  field? 

3.  What  three  things  must  be  present  before 
there  can  be  a  motor  effect? 

4.  How  would  you  have  to  arrange  an  electric 
motor  so  that  it  could  do  useful  work? 


5.  In  a  permanent-magnet,  moving-coil  electric 
meter,  how  is  the  coil  ^armature)  given  the 
benefit  of  an  iron  core  without  making  it 
extremely  heavy? 

6.  What  is  the  source  of  the  energy  that  is 
converted  to  electric  energy  in  a  generator? 

7.  Two  coils  of  wire,  each  mounted  on  a 
separate  shaft,  can  be  rotated  in  a  mag¬ 
netic  field.  All  conditions  are  alike  for  the 
two  coils  and  shafts,  except  that  the  two 
ends  of  one  coil  are  left  apart,  while  the 
two  ends  of  the  other  are  soldered  together. 
Which  coil  is  harder  to  turn?  Why? 


CHAPTER 


Almost  all  electric  energy  sold  today  is  in  the  form  of  alternating  current,  because  only  alternat¬ 
ing  current  can  be  transmitted  great  distances  without  large  losses  due  to  heating  of  the  wires. 


Black  Star 


In  the  early  1  880’s  North  American  Cities  at  night  looked  far  different  from  today. 
Streets  and  homes  were  usually  lit  by  gas  or  oil  lamps.  Within  the  preceding  few 
years,  Edison  had  demonstrated  the  practical  incandescent  lamp.  However,  there 
there  were  no  public  electric  power  systems  although  there  were  some  cities  fes¬ 
tooned  with  myriads  of  electric  wires  for  telephone  and  telegraph  circuits. 

The  first  commercial  electric  power  system,  developed  by  Thomas  Edison, 
was  strictly  a  direct  current  system.  Most  scientists  were  convinced  that 
alternating  current  was  neither  safe  nor  practical  for  commercial  use,  and 
that  it  had  no  compensating  advantages.  When  you  consider  that  practical 
distribution  of  electric  power  started  with  direct  current,  and  that  dc  systems 
predominated  for  many  years,  it  is  surprising  that  ac  ever  came  into  its  own. 
Today,  however,  electric  power  systems  are  based  almost  exclusively  on 
alternating  currents.  Evidently  there  are  some  features  of  alternating-current 
electricity  which  make  it  particularly  valuable  in  modern  commercial  situations. 

In  this  chapter  you  will  learn  about  the  characteristics  of  alternating- 
current  and  some  special  applications  of  this  type  of  electric  energy. 


Gharaeteristies  ef  Alternating  ©urrent  Oireuits 


18=1  Potential  difference  and  current 
both  vary  sinusoidally.  In  Fig.  12-19  you 
studied  a  simple  electric  generator.  You 
saw  that  when  a  loop  of  wire  rotates  in  a 
uniform  magnetic  field,  the  magnitude  of  the 
generated  emf  varies  sinusoidally.  When 
this  simple  generator  is  equipped  with  a 
split-ring  commutator  and  a  set  of  brushes, 
the  current  is  direct,  that  is,  in  one  direction 
only,  even  though  in  so  simple  a  generator 
it  is  not  constant  in  amplitude.  However,  if 
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the  generator  is  built  with  the  slip  rings  of 
Fig.  12-19b,  the  output  is  sinusoidal  in  pat¬ 
tern  and  it  is  alternating  current. 

It  is  important  to  realize  that  in  a  simple 
ac  circuit,  both  the  emf  which  appears 
across  the  generator  terminals  and  the  cur¬ 
rent  which  it  produces  vary  sinusoidally. 
In  dc  circuits,  you  have  been  using  the 
symbol  I  to  represent  the  steady  value  of 
the  current.  In  ac  circuits,  where  the  mag¬ 
nitude  of  the  current  varies  all  the  time,  the 
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symbol  i  is  used  for  the  instantaneous  value 
of  the  current.  7max  is  then  used  for  the 
maximum  value  of  the  current.  The  equa¬ 
tion  of  an  alternating  current  is: 

i  /max  sin  6 

where  6  (theta)  is  called  the  phase  angle. 
In  a  simple  generator,  as  in  Fig.  12-19,  the 
phase  angle  is  the  position  angle  of  the  ro¬ 
tating  loop;  6  is  0  when  the  loop  is  perpen¬ 
dicular  to  the  field. 

13-2  The  most  common  commercial  ac 
frequency  is  60  cycles  per  second.  Figure 
13-1  shows  a  sine  curve.  The  interval  be¬ 
tween  A  and  E  is  one  complete  cycle;  from 
B  to  F  is  also  one  cycle.  An  alternating 
current  can  be  characterized  by  its  fre¬ 
quency,  the  number  of  complete  cycles  it 
has  each  second. 

The  overwhelming  majority  of  commer¬ 
cial  ac  circuits  involve  emf’s  and  currents 
which  have  60  cycles  per  second  (cps). 

Figure  13-1  This  is  the  diagram  of  a  sine 
function:  y  —  k  sin  X.  The  wave  form  is  sinus¬ 
oidal;  it  is  often  called  a  sine  wave.  It  is 
important  to  realize  that  the  wave  form  of 
alternating  current  is  actually  a  sine  wave. 
The  sine  wave  has  one  complete  cycle  in  the 
interval  of  time  between  A  and  E  and  also 
between  B  and  F.  The  wave  form  changes 
polarity  twice  during  each  complete  cycle. 


This  is  commonly  referred  to  as  60-cycle 
ac.  In  a  few  places  25-cycle,  30-cycle,  or 
50-cycle  current  is  used. 

Commercial  electric  power  stations  main¬ 
tain  their  frequencies  amazingly  close  to 
exactly  60  cps.  Although  frequencies  may 
vary  slightly  from  one  minute  to  the  next, 
their  daily  average  is  for  all  practical  pur¬ 
poses  exact.  The  dependability  of  com¬ 
mercial  power  frequencies  permits  the  con¬ 
stant-speed  operation  of  many  motors.  In 
particular,  electric  clocks  can  be  synchro¬ 
nized  so  they  can  keep  time  without  signifi¬ 
cant  error. 


Do  It  Now 


Obtain  a  simple,  two-electrode,  neon-type 
lamp  which  can  be  screwed  into  a  household 
electric  socket.  Mount  it  on  a  flexible  power 
cord  and  move  it  briskly  back  and  forth  while 
it  glows.  Can  you  see  evidence  that  the  lamp 
is  really  flickering?  Can  you  tell  that  first  one 
plate  glows,  then  the  other?  What  does  this 
suggest  to  you? 

13-3  Quantities  of  ac  are  measured  in 
effective  values.  What  meaning  can  meas¬ 
urement  of  alternating  emf  and  current 
have  when  these  values  are  constantly 
changing?  A  moment’s  thought  shows  that 
the  actual  mathematical  average  of  sinu¬ 
soidal  values  is  0.  At  first  it  is  confusing  to 
think  that  in  an  ac  circuit  electrons  move 
merely  back  and  forth  without  ever  getting 
anywhere.  Yet  regardless  of  the  direction 
in  which  electrons  move  in  a  resistor,  they 
always  deliver  energy  to  it,  and  this  energy 
appears  as  heat.  Therefore,  1  ampere  in  an 
alternating  circuit  (ac  ampere)  is  defined 
as  that  current  which  produces  the  same 
heating  effect  in  a  given  resistor  as  does 
1  dc  ampere. 


ALTERNATING  CURRENT 
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An  alternating  current  with  a  maximum 
value  of  1  ampere  will  not  produce  as  much 
heat  as  a  direct  current  with  a  value  of 
1  ampere.  It  has  been  found  that  the  effec¬ 
tive  value  of  an  alternating  current  (7e ff) 
is  0.707  times  its  maximum  value  (/max): 

I  off  =  0.707  7max 

Similarly: 

Feff  =  0.707  Fmax 

The  effective  value  of  a  current  or  of  an 
emf  is  also  called  the  root-mean-square 
( rms )  value;  the  reason  for  this  latter  name 
is  obvious  if  you  follow  the  proof  given  in 
the  next  section. 

13-4  The  equation  for  the  effective 
value  of  an  alternating  current  can  be  de¬ 
rived.  The  rate  at  which  heat  is  produced 
in  a  resistor  is  the  power  output  of  the 
resistor;  this  rate  in  an  ac  circuit  is  com¬ 
pared  with  the  performance  of  a  dc  circuit. 

Figure  13-2  graphs  the  alternating  cur¬ 
rent  and  also  the  power  in  a  3-0  resistor 
when  the  maximum  current  is  1  ampere. 
Notice  that  the  power  is  never  negative. 
( Power  =  i2R,  and  the  square  of  a  negative 
i  is  positive.) 

A  line  has  been  drawn  halfway  up  the 
power  curve,  dividing  it  into  two.  You 
can  see  by  inspection  that  the  upper  half 
has  the  same  shape  as  the  lower.  Therefore, 
this  halfway  line  represents  the  average 


power.  (Actually  you  ought  not  to  rely  on 
inspection  for  this  conclusion,  but  advanced 
mathematics  is  required  to  prove  that  it  is 
true.)  For  an  ac  circuit: 


P  =  2-P  —  LIT  12/3 

1  2l  max  2'1maxl  1 1 

If  the  same  resistance  (R)  exists  in  a  dc 
circuit,  the  power  is: 

P  =  I2R 


If  the  dc  circuit  is  producing  the  same 
power  as  the  ac  circuit,  then  the  right-hand 
sides  of  these  equations  are  also  equal: 

I2R  =  i(/ma  x)2R 
Solving  for  7: 


:  V2 

=  0.707  7max 


What  this  means  is  that  a  direct  current 
with  a  value  of  0.707  of  the  maximum  value 
of  an  alternating  current  has  the  same 
power  output  or  heating  effect  as  the  alter¬ 
nating  current.  Therefore,  0.707  7max  is  the 
effective  value  of  the  alternating  current. 

Although  the  graph  in  Fig.  13-2  is  ob¬ 
tained  by  using  a  particular  circuit  (with 
a  maximum  current  of  1  ampere  and  a 
3-fJ  resistor),  the  result  would  be  the  same 
for  any  values  of  7max  and  R. 


Figure  13-2  This  set  of  graphs  compares  current  and  power  in  the  ac  circuit  shown  at 
the  right. 
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13-5  Ohm’s  law  applies  to  purely  re¬ 
sistive  circuits.  A  circuit  which  contains 
only  resistance  in  the  load  is  said  to  be 
purely  resistive.  In  such  a  circuit,  Ohm’s 
law  can  be  used  regardless  of  whether  the 
current  is  ac  or  dc.  In  ac  circuits,  when 
the  formula  I  —  V/R  is  used,  the  values  for 
7  and  V  must  correspond.  If  7  is  7max,  then 
V  must  be  Vmax.  If  effective,  or  rms,  values 
are  used  for  current,  they  must  also  be  used 
for  V.  When  you  want  to  be  specific,  you 
designate  maximum  values  as  7max  or  Vmax 
and  effective  values  with  the  subscript  eff- 
When  no  subscript  is  used,  the  values  for 
7  or  V  are  effective  values.  See  Example  1. 


EXAMPLE  1 

A  1  20-volt  supply  is  used  to  operate  a  bathroom 
heater  (a  purely  resistive  load)  which  has  15.0-12 
resistance.  What  is  the  maximum  instantaneous  value 
of  the  current  in  the  heater? 

Given:  Veu  =  120  V 

R  =  15.0S2 

To  find:  7niax 

Solution:  Ien  =  Veu/R 

=  120  V/15.0Q 
=  8.00  A 

7eff  =  0.7077max  ' 

7  max  =  Ie{(/0.707  * 

=  8.00  A  /0.707 
=  1  1 .3  A,  Answer 

(Or,  the  problem  could  be  done  by  first  converting 
the  1  20  Veff  to  maximum  values,  then  applying  Ohm's 
law  using  maximum  values  throughout.) 


13=4  Ac  measurements  require  spe¬ 
cial  instruments.  From  what  you  learned 
about  permanent-magnet,  moving-coil 
movements  in  Chapter  12,  you  can  see  that 
such  a  device  would  be  of  no  value  for 
ac  measurements.  The  movement  would 


rectifier 
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-VW- 

Rp 


-current  being  measured  - 


Fig  ure  13—3  Permanent-magnet,  moving-coil 
meter  movements  can  be  used  to  measure  ac 
values  by  using  a  rectifier  unit  as  shown 
above.  The  rectifier  unit  permits  electrons  to 
move  in  one  direction  only.  The  values  of  the 
series  resistor  Rs  and  the  parallel  resistor 
Rv  are  different  from  those  in  the  correspond¬ 
ing  dc  instrument. 


simply  average  out  the  sinusoidal  current 
and  indicate  0,  although  the  needle  might 
quiver  a  bit  about  the  0-point  on  the  scale. 

One  way  to  measure  ac  values  is  to  use 
a  permanent-magnet,  moving-coil  move¬ 
ment  in  conjunction  with  a  Fitfiflif,  a  de¬ 
vice  which  permits  electrons  to  flow  through 
it  in  one  direction  only.  When  used  as  in 
Fig.  13-3,  the  meter  movement  averages 
only  the  positive  (or  negative)  half  of  the 
sinusoidal  wave-forms;  hence  its  deflection 
is  proportional  to  the  magnitude  of  cur¬ 
rent  in  the  circuit. 

Figure  13-4  shows  a  different  kind  of 
meter  movement  which  is  particularly  use¬ 
ful  in  ac  circuits.  When  the  meter  is  in 
use,  current  exists  in  the  coil.  The  current 
magnetizes  the  two  soft-iron  plates  or  vanes 
inside  it.  Regardless  of  current  direction, 
the  two  vanes  are  magnetized  alike.  As  a 
result,  they  repel  each  other.  The  greater 
the  current  in  the  coil,  the  greater  is  the 
force  of  repulsion,  hence  the  farther  apart 
the  vanes  are  forced.  Either  of  these  meter 
movements  can  be  used  in  ac  circuits  to 
measure  potential  difference  or  current  by 
using  a  multiplier  or  a  shunt,  as  you  learned 
in  Chapter  12. 
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Figure  13-4  In  this  meter  movement  both  iron 
vanes  are  magnetized  alike,  regardless  of  the 
polarity  or  the  wave  form  of  the  magnetizing 
current.  The  greater  the  average  current,  the 
stronger  are  the  magnets;  therefore,  the  more 
they  repel. 


Self  Check 


1.  Describe  the  manner  in  which  alternating 
current  alternates. 

2.  What  is  the  duration  of  one  cycle  of  alter¬ 
nations  in  60-cycle  ac? 

3.  How  many  times  each  second  does  the  po¬ 
tential  difference  between  the  leads  of  a 
60-cycle  power  cord  reverse  itself? 

4.  Why  cannot  the  effective  value  of  a  sinus¬ 
oidally  varying  alternating  current  be  simply 
the  average  of  instantaneous  values  through¬ 
out  a  single  complete  cycle? 

5.  How  is  a  1-A  alternating  current  defined? 

6.  What  is  the  effective  value  of  an  alternating 
current  with  an  instantaneous  maximum  of 
10.0  amperes? 

7.  What  is  the  maximum  instantaneous  value 
of  an  emf  if  the  effective  value  is  100  volts? 


Problems 


_  1.  Use  the  table  of  trigonometric  func¬ 
tions  on  p.  409  to  plot  the  graph  of  an  ac 


when  /max  =  10  A.  Plot  horizontally  (as  ab¬ 
scissa)  the  magnitude  of  angle  from  0°  to  720° 
in  intervals  of  15°.  For  each  angle,  plot  verti¬ 
cally  (as  ordinate)  the  value  of  the  instan¬ 
taneous  current.  Are  there  any  segments  of 
the  curve  which  seem  to  be  a  straight  line? 
After  what  interval  does  the  curve  repeat  it¬ 
self?  At  what  phase  angles  does  i  —  0?  At 
what  phase  angles  is  i  a  negative  maximum? 

2.  A  given  ac  generator  supplies  current 
whose  instantaneous  maximum  is  40  A.  What 
is  the  effective  value  of  this  current? 

3.  What  is  the  maximum  instantaneous 
potential  difference  between  the  wires  of  an 
ac  supply  rated  at  120  V? 

4.  A  special  voltmeter  which  registers 
maximum  values  of  potential  difference  indi¬ 
cates  that  Vmax  across  a  400-0  resistor  is  100  V. 
What  power  is  represented  by  the  heat  devel¬ 
oped  in  the  resistor? 

5.  A  pair  of  insulated  wires  to  be  used 
for  a  120-V  ac  power  cord  are  tested  for  in¬ 
sulation  strength.  The  insulation  does  not 
break  down  even  when  the  potential  difference 
between  the  wires  is  supplied  by  a  150-V 
battery.  Would  such  insulation  be  safe  for 
the  purpose  indicated?  Explain. 

6.  A  1000-cycle  ac  circuit  carries  12  A. 
What  is  the  maximum  instantaneous  current? 
What  is  the  instantaneous  current  0.25  millisec 
after  the  current  rises  through  0?  0.75  millisec 
after  the  current  rises  through  0?  0.125  millisec 
after  the  current  rises  through  0?  0.833  millisec 
after  the  current  rises  through  0? 


Discussion  Questions 


1 .  A  permanent-magnet,  moving-coil  meter 
movement  of  5-V  full-scale  reading  is  used 
to  measure  a  120-V  ac  potential  difference. 
Although  the  needle  of  the  instrument 
barely  moves,  its  winding  burns  out  in  2  or 
3  sec.  How  could  the  meter  be  damaged 
without  its  needle  even  moving? 

2.  Why  are  effective  values  more  meaningful 
than  maximum  values  in  describing  the 
magnitude  of  alternating  potential  difference 
or  current? 
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Capacitors  and  Inductors 


13-7  Electrons  flow  into  and  out  of  a 
capacitor.  You  have  already  learned  that 
a  capacitor  consists  of  two  conductors  sep¬ 
arated  by  a  nonconducting  material.  You 
also  know  that  the  unit  of  capacitance  is  de¬ 
fined  by  the  relationship  C  =  Q/V,  where 
C  is  the  capacitance  in  farads,  Q  the  quan¬ 
tity  of  stored  electric  charge  in  coulombs, 
and  V  the  potential  difference  between  the 
plates,  measured  in  volts. 

Electrons  flow  into  and  out  of  capacitors, 
but  not  through  them.  In  Fig.  13-5a,  for 
example,  when  the  switch  is  closed  as 
shown,  electrons  flow  into  plate  A  and  out 
of  plate  B.  As  plate  A  becomes  negative,  it 
repels  electrons  out  of  plate  B;  and  as  plate 
B  becomes  positive,  it  attracts  more  elec¬ 
trons  into  plate  A.  While  the  capacitor  is 
being  charged,  electrons  flow  in  the  wires 
of  the  circuit.  Although  no  electrons  flow 
through  the  capacitor,  a  current  does  exist 
for  a  short  time  in  the  remainder  of  the 
circuit.  As  soon  as  the  capacitor  is  fully 
charged,  current  ceases.  Current  exists 
again  briefly  whenever  the  capacitor  is 
discharged. 


What  happens  when  a  capacitor  is  part 
of  an  ac  circuit,  as  in  Fig.  13-5b?  Remem¬ 
ber  that  current  exists  in  Fig.  13-5a  only 
when  the  capacitor  is  charging  or  discharg¬ 
ing.  This  occurs  in  the  brief  interval  after 
the  potential  difference  changes,  as  when 
the  switch  is  closed.  But  in  the  ac  circuit 
the  potential  difference  between  capacitor 
plates  is  constantly  changing.  Hence  a  cur¬ 
rent  of  some  kind  must  exist  in  the  circuit 
at  all  times,  first  a  surge  of  electrons  into 
one  plate,  then  into  the  other. 


Do  It  Now 


A  large  capacitor  is  connected  in  series  with  a 
120-volt  lamp  bulb  and  to  a  60-cycle  household 
source  of  electric  energy.  Why  does  the  lamp 
glow,  even  though  no  electrons  flow  through 
the  capacitor? 

13-8  Capacitors  present  opposition  to 
alternating  current.  In  a  circuit  such  as  that 
of  Fig.  13-5b,  two  factors  affect  the  magni¬ 
tude  of  the  current.  One  is  the  size  of  the 


Figure  13-5  a.  In  this  circuit,  current  is  indicated  by  the  meter  for  a  brief  interval  after 
the  capacitor  starts  to  charge  and  for  a  brief  interval  after  it  starts  to  discharge,  b.  In 
this  circuit,  the  applied  potential  difference  is  alternating;  therefore,  the  ammeter  in  the 
circuit  indicates  current  virtually  at  all  times.  Notice  the  symbol  for  a  source  of  alternating 
potential  difference. 


a 


b 
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capacitor:  the  greater  its  capacitance,  the 
more  charge  flows  into  it  and  out  of  it, 
other  things  being  equal.  The  other  is  the 
frequency  of  current  alternations:  the 
higher  the  frequency,  the  more  often  the 
capacitor  charges  and  discharges,  hence 
the  greater  the  total  electron  flow  in  the 
circuit.  Thus,  large  capacitance  and  high 
frequency  permit  a  larger  current  in  an  ac 
circuit. 

It  is  useful  to  state  this  relationship  in 
terms  of  current  restrictions,  much  as  re¬ 
sistance  restricts  currents  in  a  dc  circuit. 
From  the  above  you  can  see  that  the  ability 
of  a  capacitor  to  limit  current  in  an  ac  cir¬ 
cuit  varies  inversely  both  with  capacitance 
and  with  frequency.  This  limiting  ability  is 
called  capacitive  reactance  and  is  repre¬ 
sented  by  the  symbol  Xc.  The  reactance  of 
a  capacitor  is  given  by  the  formula : 

Ac  =  2tfC 

where  Xc  is  capacitive  reactance  in  ohms,  f 
is  frequency  in  cycles  per  second,  and  C 
is  capacitance  in  farads.  This  formula  ap¬ 
plies  only  to  sinusoidal  ac. 

In  a  purely  capacitive  circuit  —  one  with 
only  capacitance  in  the  load  —  the  current 
is  inversely  proportional  to  reactance,  an 
exact  counterpart  of  Ohm’s  law. 


where  1  is  in  amperes,  V  is  in  volts,  and 
Xc  is  the  capacitive  reactance  in  ohms. 
Study  Example  2. 

13-9  Current  and  potential  difference 
do  not  coincide  in  a  capacitor.  In  most  of 
the  circuits  analyzed  so  far,  the  loads  have 
contained  nothing  but  electric  resistance, 
and  changes  in  potential  difference  have 
been  instantaneously  accompanied  by  cor¬ 
responding  changes  in  current.  Is  this  true 
also  of  circuits  which  contain  capacitance? 


EXAMPLE  2 

What  effective  current  exists  in  an  ac  circuit  con¬ 
taining  a  1  2.0-fj.f  capacitor  when  connected  to  a 
source  of  300  volts  at  60.0  cps? 

Given:  C  =  1  2.0  mF  =  1  2.0  X  1 0~6  F 

/  -  60.0  cps 
V  =  300  V 

To  find:  I 

Solution:  I  =  V /Xc  and  Xc  =  ]/2irfC 

By  substitution: 

I  =  V  X  2t rfC 

=  300V  X  2tt  X  60.0  cps  X  1  2.0  X  1  0“6  F 
=  1 .36  A,  Answer 


In  Fig.  13-6  when  the  capacitor  is  just 
beginning  to  charge,  the  potential  difference 
across  it  is  very  low,  but  electrons  flow 
rapidly  into  it,  creating  a  large  current.  As 
the  charge  accumulates  in  the  capacitor, 
the  potential  difference  across  its  plates 
increases.  However,  the  large  charge  re¬ 
pels  electrons  and  therefore  the  current 
decreases.  Consequently,  current  is  at  a 
maximum  before  the  potential  difference 
between  the  plates  reaches  a  maximum.  Ac- 

Figure  13-6  This  circuit  shows  a  capacitor 
that  can  be  charged  from  a  battery.  An  am¬ 
meter  and  a  voltmeter  permit  measurement  of 
current  and  of  potential  difference.  The  re¬ 
sistance  in  the  circuit  is  shown  because  all 
circuits  have  some  resistance. 
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Figure  13-7  a.  This  graph  shows  the  relationship  between  potential-difference  variations 
and  current  variations  in  the  circuit  of  Fig.  13-6.  b.  This  graph  shows  the  relationships  be¬ 
tween  the  potential-difference  variations  and  the  current  variations  in  a  capacitor  in  an  ac 
circuit.  Notice  on  the  graphs  that  the  solid  line  (F)  represents  the  potential  difference  and 
that  the  dashed  line  (I)  represents  the  current. 


tually,  as  Fig.  13-7a  shows,  current  is  max¬ 
imum  when  the  potential  difference  across 
the  capacitor  plates  is  0  (at  the  instant 
when  charge  begins  to  flow),  and  current 
is  0  when  the  potential  difference  across 
the  capacitor  plates  is  maximum  ( when  the 
capacitor  is  fully  charged). 

If  an  ac  source  is  substituted  for  the 
battery  in  Fig.  13-6,  the  capacitor  alter¬ 
nately  charges  and  discharges.  Because  the 
current  is  at  its  maximum  before  the  poten¬ 
tial  difference  reaches  its  maximum,  it  is 
common  to  say  that  current  leads  potential 
difference  in  a  capacitor  (Fig.  13-7b).  No¬ 
tice  that  the  two  sine-waves  are  displaced 
by  a  quarter  of  a  complete  cycle,  that  is,  by 
90°.  This  is  called  the  phase  di#@F@R68 
between  current  and  potential  difference. 

11=1©  Lenz’s  law  applies  to  a  loop  of 

wire.  In  the  preceding  chapter  a  very 
important  principle  of  electricity,  Lenz’s 
law,  was  developed.  It  was  used  to  ex¬ 
plain  the  existence  of  back  emf  in  motors, 
and  the  need  for  mechanical  work  to  turn 
the  rotor  in  generators.  To  see  how  Lenz’s 
law  applies  also  to  a  loop  of  wire,  it  is 
restated  here  in  a  modified  form. 


When  an  emf  is  induced  in  a  con¬ 
ductor,  the  resulting  events  are  such  as 
to  oppose  the  cause  of  the  induced  emf. 


In  Fig.  13-8  a  current  in  the  loop  pro¬ 
duces  a  magnetic  field  along  the  loop’s 
axis.  When  the  current  increases,  the  flux 
density  increases.  This  changes  the  total 
flux  through  the  coil.  Hence,  according 
to  the  generator  effect,  an  emf  is  induced 
in  the  loop  of  wire.  By  Lenz’s  law,  the 
direction  of  the  induced  emf  is  such  that 
it  opposes  an  increase  in  current.  In  a 
similar  way,  a  decreasing  current  produces 
a  decrease  in  flux  which  also  induces  an 
emf  in  the  loop.  The  direction  of  this  in¬ 
duced  emf  is  such  as  to  oppose  the  decrease 
of  current;  that  is,  it  tends  to  sustain  the 
current,  an  effect  known  as  §@lf=iRdutti8R. 

Self-induction  of  a  coil  of  conductors  is 
increased  if  the  turns  are  tightly  coiled,  if 
there  are  many  turns,  and  if  there  is  a  core 
of  high  relative  permeability.  A  straight 
wire  in  a  vacuum  has  a  minimum  of  self- 
induction,  although  it  is  not  zero.  The  self- 
inductive  effect  of  simple  connecting  wires 
is  usually  ignored. 
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Figure  13-8  a.  A  loop  of  wire  has  moderate 
current  and  a  corresponding  magnetic  field, 
b.  The  current  has  increased,  thus  increasing 
the  total  flux  throughout  the  loop.  As  a 
result,  an  emf  is  induced  in  the  loop. 


Do  It  Now 


1 .  Suppose  that  a  coil  of  wire  has  a  soft  iron 
core.  Soft  iron  is  easily  magnetized  when 
current  exists  in  the  coil  and  easily  demag¬ 
netized  when  the  current  ceases.  Given  the 
same  change  in  current  in  both  cases,  com¬ 
pare  the  self-induced  emf  of  this  coil  with 
its  self-induced  emf  if  it  had  no  core. 

2.  In  Fig.  13-8,  if  an  increasing  current  exists 
from  left  to  right  in  the  wire,  what  is  the 
direction  of  the  induced  emf?  What  would 
be  its  direction  if  the  current  changed  direc¬ 
tion? 


13-11  An  induced  emf  is  proportional 
to  rate  of  change  of  flux.  When  an  emf 
is  induced  by  a  change  in  flux,  the  greater 
the  change  and  the  faster  it  happens,  the 
greater  the  induced  emf.  Expressed  mathe¬ 
matically: 

A$ 

V  =  — 

At 

where  V  represents  the  induced  emf  and 
A<t>  represents  the  change  of  flux  in  the 


loop  of  wire  during  the  time  A t.  A<t>  must 
be  expressed  in  webers  and  At  in  seconds; 
then  V  is  in  volts.  The  proof  of  this  rela¬ 
tionship  is  given  in  Sec.  12-16. 

A  coil  of  wire  rarely  has  only  one  loop. 
If  it  has  several  loops,  or  turns,  an  emf  is 
induced  in  each  loop;  since  the  loops  are 
in  series,  the  emf  s  can  be  added.  Therefore, 
for  a  coil: 

A<t> 

V  =  N  — 

At 

where  N  is  the  number  of  turns  in  the  coil. 

13-12  Self-inductance  is  measured  in 
henries.  The  ability  of  a  coil  to  produce 
a  self-induced  emf  is  measured  by  a  quan¬ 
tity  called  self-inductance.  The  coil  is 
called  a  self-inductor  or,  more  commonly, 
simply  an  inductor.  The  unit  of  self-induc¬ 
tance  is  the  henry  (H),  named  in  honor  of 
Joseph  Henry,  the  American  teacher-sci¬ 
entist  who  did  much  pioneer  work  on  elec¬ 
tromagnetism. 

Remember  that  inductance  occurs  be¬ 
cause  a  change  of  current  in  a  loop  induces 
an  emf  in  the  conductor  of  which  the  loop 
is  made.  Accordingly,  the  henry  is  defined 
in  terms  of  the  emf  induced  by  a  unit  rate  of 
change  of  current.  An  inductor  has  a  self¬ 
inductance  of  1  H  if  a  rate  of  change  of 
current  of  1  ampere/sec  induces  an  emf  of 
1  volt.  Expressed  mathematically: 


where  V  is  induced  emf  in  volts,  L  is  in¬ 
ductance  in  henries,  A I  is  change  of  cur¬ 
rent  in  amperes,  and  At  is  the  corresponding 
interval  of  time. 

The  inductance  of  a  coil  is  increased  if 
the  coil  has  more  turns  and  if  the  core  is 
iron  instead  of  air.  Inductance  is  also  in¬ 
fluenced  by  the  shape  of  the  coil.  Induc¬ 
tors  exist  in  many  shapes  and  sizes.  Some 
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have  iron  cores  and  some  do  not.  In  prac¬ 
tice,  inductors  are  often  referred  to  as 

choke  coils  or  chokes  or  coils. 

13-13  Inductors  present  opposition  to 
alternating  current.  The  action  of  an  in¬ 
ductor  is  such  as  to  oppose  any  change  in 
current  (Lenz’s  law).  Since  alternating 
current  is  constantly  changing,  an  inductor 
constantly  opposes  it,  and  therefore  restricts 
the  current  in  an  ac  circuit. 

The  greater  the  inductance,  the  greater  is 
the  restricting  effect.  Again,  since  high- 
frequency  currents  change  more  rapidly 
than  low-frequency  currents,  the  greater 
the  frequency,  the  greater  is  the  restricting 
effect.  Thus  the  ability  of  an  inductor  to 
restrict  current  varies  directly  both  with  in¬ 
ductance  and  frequency. 

This  opposition  to  current,  as  in  the  re¬ 
lated  case  of  capacitors,  is  called  reactance. 
Inductive  reactance  can  be  defined  as  the 
ability  of  an  inductor  to  restrict  current  in 
an  ac  circuit.  It  is  represented  by  the  sym¬ 
bol  XL. 

The  reactance  of  an  inductor  is  given  by 
the  formula: 

-  2t rfL 

where  XL  is  the  inductive  reactance  in 
ohms,  f  is  the  frequency  in  cycles/sec,  and 
L  is  the  inductance  in  henries.  This  for¬ 
mula  applies  only  to  sinusoidal  ac. 

In  a  purely  inductive  circuit,  XL  can  be 
substituted  for  R  in  Ohm’s  law;  that  is, 


where  I  is  in  amperes,  V  is  in  volts,  and  XL 
is  the  inductive  reactance  in  ohms.  Study 
Example  3. 


EXAMPLE  3 

What  current  exists  in  a  circuit  containing  a  1  5.0-H 
coil  when  connected  to  a  source  of  300  volts  rms 
at  60.0  cps? 

Given:  L  =  15.0  H 

/  -  60.0  cps 

V  =  300  V  rms 

T o  find:  I 

Solution:  I  =  V/Xl  and  Xl  =  2 irfL 
By  substitution:  I  =  V/2xfL 
300  V 

-  =  .0531  A 

2?r  X  60.0  cps  X  15.0  H 

Answer 


13-14  Current  and  potential  difference 
do  not  coincide  in  an  inductor.  You 

already  know  that  changes  in  potential 
difference  and  current  do  not  coincide  in  a 
capacitor.  The  same  is  true  in  an  inductor, 

Figure  13-9  This  graph  shows  the  relation¬ 
ship  between  current  and  potential  difference 
for  an  inductor  in  an  ac  circuit.  Notice  that 
the  current  is  maximum  when  the  potential 
difference  is  0,  and  that  the  potential  differ¬ 
ence  is  maximum  when  the  current  is  0.  The 
current  in  the  inductor  reaches  its  maximum 
a  quarter  of  a  cycle  later  than  the  time  when 
the  potential  difference  in  the  inductor  reaches 
its  maximum.  Thus  the  current  lags  the  poten¬ 
tial  difference  by  90°.  Because  the  current 
continues  to  change  sinusoidally,  the  induced 
emf  also  continues  to  change  sinusoidally. 
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Current  leads  potential 


Current  leads  potential 


Figure  13-10  These  three  circuits  illustrate  possible  relationships  between  potential  differ¬ 
ence  and  current  in  typical  circuits,  a.  This  circuit  is  purely  capacitive.  The  current  in 
the  load — and  therefore  that  in  the  generator  —  leads  potential  difference  by  90°. 
b.  Generator  current  leads  potential  difference  by  less  than  90°.  c.  Current  lags  potential 
difference  by  less  than  90°. 


although  in  that  instance  the  relationship  is 
different. 

When  an  alternating  potential  difference 
is  increasing  between  the  terminals  of  an 
inductor,  the  reaction  opposes  the  increase 
of  current.  But  when  the  potential  differ¬ 
ence  decreases,  the  reaction  helps  the  cur¬ 
rent  to  continue.  Therefore,  when  the  po¬ 
tential  difference  has  reached  its  maximum 
value  and  has  begun  to  decrease,  the  cur¬ 
rent  continues  to  increase  for  a  brief  inter¬ 
val.  Thus  the  current  peak  comes  after  the 
potential  difference  peak;  that  is,  the  cur¬ 
rent  lags  the  potential  difference.  Figure 
13-9  illustrates  the  relationship.  Notice 
that  in  a  pure  inductor,  current  lags  the 
potential  difference  by  90°. 


13-15  Some  circuits  involve  reactance 
and  resistance.  The  circuit  in  Fig.  13-10a 
is  purely  capacitive.  However,  the  circuits 
in  Figs.  13-10b  and  c  are  more  realistic, 
since  in  reality  there  are  no  circuits  which 
have  zero  resistance.  Since  the  phase  differ¬ 
ence  in  a  resistor  is  0°,  the  effect  of  the 
resistance  in  the  circuit  is  to  make  the 
phase  difference  of  the  circuit  as  a  whole 
less  than  90°.  The  graphs  show  how  the 
presence  of  resistance  changes  the  phase 
difference. 

When  the  load  in  a  circuit  is  partly  due 
to  resistance  and  partly  due  to  reactance, 
it  is  said  to  have  impedance,  represented  by 
the  letter  Z.  Although  both  resistance  and 
reactance  are  measured  in  ohms,  you  can- 
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Table  1 

TERMS  AND 

SYMBOLS  IN  AC  CIRCUITS 

resisfive 

capacitive 

inductive 

Object 

resistor 

capacitor 

inductor 

Common  names  for  the  object 

resistor. 

capacitor 

inductor, 

resistance 

(improperly 

choke, 

wires,  heat- 

but  commonly 

choke  coil. 

ing  element 

called  condenser) 

coil 

Symbol  for  the  object 

— 

-If 

with 

iron 

core 

with  no 

iron 

core 

Characteristic  property  of 

resistance 

capacitance 

inductance 

the  object 

Symbol  for  characteristic 

R 

c 

L 

property 

Unit  in  which  characteristic 

ohm 

farad 

henry 

property  is  measured 

Symbol  for  unit  of  measure- 

F 

H 

ment 

Opposition  which  object 

resistance 

capacitive 

inductive 

presents  to  ac 

reactance 

reactance 

Formula 

R 

1 

Xc~2* fC 

=  27 r/L 

Unit  in  which  resistance  and 

ohm 

ohm 

ohm 

reactance  are  measured 

not  simply  add  them  to  find  the  impedance 
because  the  potential  differences  all  make 
different  angles  with  the  current.  In  gen¬ 
eral,  the  impedance  of  a  series  circuit  is 
given  by  the  equation: 

Z  =  VR2  +  (XL  -  Xc )2 


The  impedance  is  expressed  in  ohms,  and 
the  current  in  the  circuit  is  given  by: 


Table  1  summarizes  the  vocabulary  and 
terms  used  in  ac  circuits. 
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Figure  13-11  This  circuit  consists  of  an  in¬ 
ductor  and  a  capacitor.  If  the  capacitor  is 
charged  and  the  switch  closed,  electrons  will 
flow  (arrow)  from  A  to  B  through  the  inductor. 
Eventually  the  process  is  reversed,  and  thus 
the  circuit  is  said  to  oscillate. 


13-16  A  circuit  with  capacitance  and 
inductance  is  a  resonant  circuit.  The  circuit 
of  Fig.  13-11  consists  of  an  inductor  and  a 
capacitor.  Suppose  that  somehow  the  ca¬ 
pacitor  has  been  charged  and  you  close  the 
switch.  Electrons  immediately  tend  to  flow 
away  from  plate  A,  through  the  inductor, 
and  toward  plate  B.  However,  the  self¬ 
inductance  of  the  inductor  prevents  an 
abrupt  rise  of  current.  Instead,  the  cur¬ 
rent  rises  gradually.  As  the  current  drains 
the  charge  from  the  capacitor,  the  poten¬ 
tial  difference  across  its  plates  decreases. 
Presently  the  charge  in  the  capacitor  is  re¬ 
duced  to  zero,  but  by  now  there  is  a  con¬ 
siderable  current  in  the  inductor.  Now  the 
self  inductance  tends  to  maintain  this  cur¬ 
rent,  so  the  capacitor  begins  to  charge  with 
polarity  opposite  to  that  which  it  originally 
possessed.  As  the  capacitor  becomes  in¬ 
creasingly  charged,  it  opposes  additional 
electron  flow  more  and  more.  Thus  by  the 
time  the  current  has  been  reduced  to  zero, 
the  capacitor  has  approximately  as  much 
charge  as  it  had  when  you  closed  the 
switch,  except  that  it  is  in  reversed  polarity. 

Now  the  capacitor  starts  to  discharge 
again,  with  electrons  streaming  away  from 
B.  The  whole  chain  of  events  is  repeated  in 
the  opposite  direction.  The  circuit  is  said 
to  oscillate,  and  this  type  of  circuit,  con¬ 
taining  both  capacitance  and  inductance,  is 
called  an  oscillating,  or  resonant,  circuit. 


A  charged  capacitor  possesses  energy.  As 
it  loses  its  charge,  the  energy  is  transferred 
to  the  inductor,  which  stores  it  in  its  mag¬ 
netic  field.  In  an  oscillating  circuit,  the 
energy  is  passed  back  and  forth  from  ca¬ 
pacitor  to  inductor  to  capacitor.  If  there  is 
resistance  in  the  circuit,  a  bit  of  the  energy 
is  lost  as  heat  ( PRt ),  and  the  oscillations 
die  out. 

An  oscillating  circuit  is  very  much  like 
a  pendulum.  In  a  pendulum,  energy  is 
transferred  from  potential  at  one  end  of 
the  swing  to  kinetic  at  the  mid-point  and 
back  to  potential  at  the  other  end  of  the 
swing.  In  an  oscillating  circuit,  the  energy 
is  transferred  from  an  electric  field  (be¬ 
tween  the  plates  of  the  capacitor)  to  a 
magnetic  field  (within  the  inductor)  and 
back. 

An  oscillating  circuit  is  like  a  pendulum 
in  another  way.  The  oscillations  have  a 
natural  frequency,  which  is  determined  by 
the  capacitance  and  inductance  of  the  cir¬ 
cuit.  This  natural  period  of  oscillation  of  a 
resonant  circuit  is  called  its  resonant  fre¬ 
quency  (fr);  it  is  the  frequency  that  makes 
the  two  reactances  equal  in  magnitude. 
That  is: 


XL  = 


2-irfrL  = 


1 

27 TfrC 


Solving  for  fr 


fr  = 


1 


27 rL  X  2wC 

1 


fr 


4tt2LC 

1 

2  7 tVLC 


Note  that  fr  is  in  cycles  per  second,  L  is  in 
henries,  and  C  is  in  farads.  See  Example  4 
on  p.  316. 
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EXAMPLE  4 


What  is  the  resonant  frequency  of  a  circuit  containing  a  capacitor  of  1 2  /iF  and  an  inductor  of  6.0  H? 


Given:  C  =  1  2  =  1  2  X  1 0~6  F 

L  =  6.0  H 


1 

2tt\/72  X  IQ"6 


To  find:  fr 

Solution:  fr  =  - 7 = 

2tVLC 


1 

27t\/6.0  X  12  X  IQ'6 


1 

"  2tt  X  8.5  X  10~3 

103 
~  53.4 

=  19  cps*,  Answer 


In  a  resonant  circuit,  the  oscillations  can 
be  made  to  continue  if  additional  energy  is 
supplied.  Two  ways  of  doing  this  are 
shown  in  Fig.  13-12.  If  the  frequency  of  the 
emf  supplied  by  the  generator  is  the  same 
as  the  resonant  frequency,  then  a  large  cur¬ 
rent  will  exist  in  the  inductor  and  capacitor. 
If  the  frequency  supplied  is  not  equal  to 
the  resonant  frequency,  the  capacitor  and 
the  inductor  do  not  operate  well  together, 


*  Units  have  not  been  written  into  the  solution 
because  it  is  not  obvious  that  you  get  cps  for  the 
answer.  However,  if  you  go  back  to  the  definitions 
of  the  henry  and  the  farad,  you  can  prove  that  the 
denominator  of  the  equation  is  seconds.  Try  it. 

and  do  not  resonate.  Resonant  circuits  are 
very  common  in  radio  and  television  trans¬ 
mitters  and  receivers,  where  it  is  important 
to  control  a  frequency  or  to  tune  in  to  a 
particular  frequency. 


Figure  13—12  a.  In  this  series  arrangement  of  components,  the  inductive  reactance  XL  and 
the  capacitive  reactance  Xc  are  equal  but  opposite.  Only  the  resistance  R  remains 
uncancelled.  Accordingly,  the  current  in  all  components  is  surprisingly  high.  Since  all 
components  are  in  series,  the  current  is  identical  in  each.  b.  In  this  parallel  resonant  circuit 
the  current  in  the  inductive  branch  is  almost  exactly  180°  out  of  phase  with  that  in  the 
capacitive  branch.  If  it  were  not  for  the  unavoidable  resistance  in  the  inductor,  they  would 
be  exactly  opposite.  In  view  of  this,  although  the  circulating  current  within  the  resonant  loop 
may  be  very  high,  the  net  current  in  the  external  circuit  may  be  very  small.  The  potential 
difference  between  A  and  B  is  high. 
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Self  Check 


1 .  How  can  a  capacitor  act  as  part  of  an  ac 
circuit  when  no  electrons  flow  through  it? 

2.  How  can  the  opposition  of  a  capacitor  to 
alternating  current  be  computed? 

3.  Will  more  current  flow  in  a  capacitor  cir¬ 
cuit  when  the  frequency  is  high  or  low? 

4.  When  ac  is  used  with  a  capacitor,  which 
reaches  a  maximum  first  —  the  current  to 
the  plates  or  the  potential  difference  across 
the  plates? 

5.  If  the  current  in  a  circuit  leads  the  poten¬ 
tial  difference  by  one  sixth  of  a  complete 
cycle,  what  is  the  phase  difference? 

6.  Why  is  an  emf  induced  in  a  coil  in  an  ac 
circuit? 

7.  What  is  the  effect  of  the  emf  induced  in  an 
inductor? 

8.  Define  the  unit  of  self-inductance. 

9.  How  is  the  reactance  of  an  inductor  com¬ 
puted? 

10.  How  is  the  current  through  a  coil  affected 
by  an  increase  in  frequency? 

1 1 .  When  ac  is  used  with  an  inductor,  which 
reaches  a  maximum  first,  the  current  or  the 
potential  difference? 

12.  Under  what  conditions  will  there  be  reso¬ 
nance  in  an  ac  circuit? 


Problems 


1 .  What  is  the  reactance  of  a  2.00-/iF 
capacitor  when  used  in  a  400-cycle  circuit? 

2.  What  size  capacitor  must  be  placed 
across  a  120-V,  60-cycle  line  so  that  0.50  A  of 
current  will  exist  in  the  leads  to  and  from  the 
capacitor? 

3.  At  what  frequency  will  a  30-^F  ca¬ 
pacitor  permit  a  maximum  instantaneous  cur¬ 
rent  of  40  milliamperes  when  a  potential  dif¬ 
ference  of  1.2  V  rms  is  applied? 

4.  A  magnetic  flux  of  0.015  Wb  links 
through  a  40-turn  coil.  When  the  current  and 
the  field  dwindle  to  nothing,  an  average  emf 
of  75  V  is  induced.  How  long  did  it  take  for 
the  field  to  decrease  to  zero? 


5.  The  current  in  an  inductor  is  reduced 
from  0.20  A  to  0  in  an  interval  of  10  millisec. 
During  this  action,  an  average  induced  emf  of 
1.5  V  is  observed.  What  is  the  inductance  of 
the  coil? 

6.  What  is  the  reactance  of  a  6.5-H  in¬ 
ductor  when  used  in  a  400-cycle  circuit? 

7.  What  size  should  an  inductor  across  a 
120-V,  60-cycle  line  be  so  that  0.50  A  of  cur¬ 
rent  will  exist  in  the  inductor? 

8.  What  is  the  resonant  frequency  of  an 
inductor  of  0.015  H  connected  in  series  with  a 
capacitor  of  0.0020  ^F? 

9.  What  is  the  inductance  of  a  coil 
whose  reactance  at  400  cps  is  equal  in  magni¬ 
tude  to  that  of  a  0.20-^F  capacitor?  At  what 
frequency  would  these  two  reactors  constitute 
a  resonant  circuit? 


Discussion  Questions 


1 .  Why  does  an  iron  core  increase  the  induct¬ 
ance  of  a  coil  of  wire? 

2.  A  circuit  consists  of  a  capacitor  across 
which  there  is  an  alternating  emf.  If  the 
emf  is  kept  constant  at  50  V,  but  its  fre¬ 
quency  increases  from  60  cps  to  100  cps, 
what  happens  to  the  current? 

3.  If  the  capacitance  of  the  circuit  of  Ques¬ 
tion  2  is  increased,  what  happens  to  the 
current? 

4.  A  circuit  consists  of  a  coil  across  which 
there  is  an  alternating  emf.  If  the  emf  is 
kept  constant  at  50  V,  but  its  frequency  in¬ 
creases  from  60  cps  to  100  cps,  what  hap¬ 
pens  to  the  current? 

5.  If  the  inductance  of  the  circuit  of  Question 
4  is  increased,  what  happens  to  the  current? 

6.  If  a  circuit  is  set  up  as 
shown  and  then  the 
switch  is  closed,  the 
light  will  glow  brightly 
for  a  moment  and  then 
dim.  Explain. 

7.  What  should  happen  in 
the  circuit  of  Question 
6  when  the  switch  is 
opened? 
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Transformers 


13-17  A  transformer  has  two  separate 
windings.  Did  you  know  that  you  can  cause 
a  meter  to  deflect  when  it  is  connected  only 
to  a  coil  of  wire,  with  nothing  else  in  the 
circuit?  You  can  do  it  with  an  arrangement 
similar  to  the  one  in  Fig.  13-13. 

You  already  know  that  when  current  in¬ 
creases  or  decreases  in  a  coil,  the  magnetic 
flux  through  the  coil  changes  and  produces 
a  self-induced  emf  in  the  turns  of  the  coil. 
In  Fig.  13-13,  winding  P  provides  precisely 
this  situation  of  self-induction.  But  be¬ 
cause  of  the  iron  core,  almost  all  of  the 
flux  through  winding  P  also  goes  through 
winding  S.  Since  the  coils  are  identical,  an 
emf  is  induced  in  S  that  is  equal  to  the  self- 
induced  emf  in  P.  As  the  switch  is  closed, 
the  flux  increases,  and  the  meter  deflects  in 
one  direction.  When  the  switch  is  opened, 
the  flux  decreases,  and  an.  emf  is  induced  in 
the  opposite  direction.  Notice  that  as  long 
as  the  current  in  P  is  constant  (or  0,  which 
is  a  special  case  of  being  constant),  there 
is  no  flux  change  and  hence  no  induced  emf 
in  S.  However,  when  the  circuit  is  made 
or  broken,  energy  is  actually  transferred 
from  one  winding  to  the  other.  This  is  the 
basic  principle  of  an  electric  transformer. 


Although  two  coils  are  sometimes  oper¬ 
ated  in  this  fashion,  more  commonly  al¬ 
ternating  current  is  used  to  provide  energy 
for  one  of  the  windings,  called  the  primary 
winding.  The  flux  in  the  iron  core  con¬ 
tinually  changes  sinusoidally,  inducing  a 
sinusoidal  emf  in  the  secondary  winding. 

The  two  coils  in  Fig.  13-14  are  identical. 
If  you  were  to  measure  the  input  and  out¬ 
put  potential  difference  in  these  two  wind¬ 
ings,  you  would  find  them  essentially  equal. 
Indeed,  if  no  energy  were  lost  as  heat  or 
sound,  the  input  and  output  potential  differ¬ 
ences  would  be  exactly  the  same.  Each 
winding  has  600  turns.  This  amounts  to  5 
turns  for  each  volt  ( or  ]/5  of  a  volt  per  turn), 
a  fairly  typical  figure  for  small  transformers. 
Thus  the  potential  difference  across  the 
primary  winding  produces  a  potential  dif¬ 
ference  across  the  secondary  winding  on  a 
turn-for-turn  basis. 

13-18  A  transformer  may  be  used  to 
change  potential  difference.  Transformers 
with  unlike  primary  and  secondary  wind¬ 
ings  can  increase  or  decrease  the  potential 
difference.  For  example,  the  transformer  of 
Fig.  13-15  has  600  turns  in  the  primary  and 


Figure  13-13  When  you  close  the  switch  in.  the  circuit  at  the  left,  the  meter  in  the  circuit 
at  the  righ  deflects  in  one  direction.  When  you  open  the  switch,  the  deflection  of  the  meter 
is  in  the  opposite  direction. 
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Figure  13-14  In  this  idealized  transformer,  identical  coils  constitute  the  primary  and 
secondary  windings.  Accordingly,  if  losses  are  ignored,  the  input  potential  difference  is 
the  same  as  the  output  potential  difference.  In  practice,  transformer  windings  are  often 
wound  around  the  center  leg  of  a  core  like  that  at  left  above.  The  symbol  for  a  transformer, 
regardless  of  shape  or  size,  is  at  right  above. 


1800  in  the  secondary.  Current  fluctuations 
in  the  primary  still  induce  y5  of  a  volt  in 
each  turn;  as  a  result,  the  secondary  output 
is  increased  to  360  volts.  This  is  a  step-up 
transformer. 

In  an  ideal  transformer  the  potential  dif¬ 
ferences  in  the  primary  and  secondary 
windings  are  proportional  to  the  number  of 
turns  in  each.  Stated  mathematically: 

Vp  =  Np 

Ns 

where  Vp  and  Vs  are  potential  differences  of 
primary  and  secondary,  respectively,  and 
N p  and  Ns  are  the  number  of  turns  of  the 
primary  and  secondary,  respectively. 


Figure  13-15  This  schematic  diagram  repre¬ 
sents  a  transformer  with  a  turns  ratio  of  1  :  3. 


1800 

turns 


The  ratio  of  the  number  of  turns  in  the 
primary  to  the  number  of  turns  in  the 
secondary  (Np/Ns)  is  called  the  turns  ratio 
of  a  transformer.  The  turns  ratio  is  greater 
than  unity  in  a  step-down  transformer;  it  is 
less  than  unity  in  a  step-up  transformer. 

13-19  Transformers  illustrate  the  prin¬ 
ciple  of  conservation  of  energy.  Is  the 

ability  of  transformers  to  change  the  poten¬ 
tial  of  a  source  of  electricity  a  violation  of 
the  principle  of  conservation  of  energy? 
Not  at  all.  Potential  difference  is  not  a 
measure  of  energy,  but  of  energy  per  unit 
charge.  The  total  energy  in  either  winding 
is  the  product  of  the  potential  difference 
(energy  per  unit  charge)  and  the  number 
of  charges  (current  X  time).  Then,  ac¬ 
cording  to  the  law  of  conservation  of 
energy, 

potential  difference  X  current  X  time 
in  primary  winding 

potential  difference  X  current  X  time 
in  secondary  winding 

Since  the  time  is  the  same  for  each  winding: 
V  T  =  V  T 

v  P1  p  v  S1  8 
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where  Vp  and  Zp  are  potential  difference  and 
current  in  the  primary  winding,  respec¬ 
tively,  and  Vs  and  Is  are  potential  difference 
and  current  in  the  secondary  winding,  re¬ 
spectively.  Thus,  except  for  the  inevitable 
heat  loss  in  a  transformer,  power  input  and 
power  output  are  the  same.  In  modern 
large  transformers,  this  loss  can  be  reduced 
below  1  percent  of  the  total  power  handled. 

13-20  Inductors  can  be  made  to  oper¬ 
ate  with  dc.  Sometimes  it  is  necessary  to 
have  the  benefit  of  a  step-up  of  potential 
difference  when  the  only  source  of  electric 
energy  is  dc.  An  excellent  example  is  the 
automobile  engine,  where  the  6-  or  12-volt 
storage  battery  must  somehow  provide  a 
high  potential  —  perhaps  15  to  40  thousand 
volts  —  for  proper  spark  plug  operation. 
The  solution  to  this  problem  lies  back  in 
Fig.  13-13,  where  a  primitive  transformer 
was  operated  bv  opening  and  closing  a 
switch  in  the  primary  circuit. 

Remember,  such  a  switch-operated  trans¬ 
former  delivers  energy  only  when  the 
switch  is  being  closed  or  opened.  There¬ 
fore,  the  switch  should  be  operated  very 
rapidly.  An  easy  way  to  accomplish  this  is 
to  interrupt  the  primary  circuit  with  a 
vibrating  switch  or  a  rotary  switch.  A 
step-up  transformer  operated  in  this  way 
with  interrupted  direct  current  in  its  pri¬ 
mary  winding  is  an  induction  coil. 

In  Fig.  13-16,  the  primary  and  secondary 
windings  are  connected  together  forming  a 
single  winding.  However,  since  the  device 
is  a  step-up  arrangement,  potential  differ¬ 
ence  is  lower  and  current  is  higher  in  the 
primary  part  of  the  winding  than  in  the 
secondary  part.  Accordingly,  the  primary 
winding  is  made  of  heavier  wire.  The  pri¬ 
mary  current  is  interrupted  by  the  contact 
points  of  a  doorbell-like  buzzer.  The  out¬ 
put  in  such  a  “spark  coil”  may  be  many 
thousands  of  volts. 

In  an  automobile  ignition  system  the 
“make”  and  “break”  of  the  primary  is  ac- 


Figure  13—16  A  simple  induction  coil  has  a 
single  winding,  although  the  part  used  for 
the  primary  is  often  heavier  wire  than  the 
remainder.  Current  in  the  primary  is  inter¬ 
rupted  by  buzzer-type  contacts  or  a  high¬ 
speed  rotary  switch.  The  output  potential 
difference  may  be  many  thousands  of  volts. 

complished  by  a  rotary  switch.  The  timing 
is  arranged  so  that  a  “break”  occurs  each 
time  a  spark  is  needed  in  any  cylinder. 

A  Tesla  coil,  a  special  kind  of  step-up 
transformer,  can  be  made  to  deliver  a 
million  volts  or  more. 

13-21  Long-distance  transmission  of 
electric  energy  might  be  very  expensive. 

Commercial  electric  power  systems  transmit 
power  over  a  distance.  In  many  cities,  this 
seldom  exceeds  a  few  miles.  However, 
where  electric  energy  is  converted  from 
water  power  in  remote  areas,  the  transmis¬ 
sion  lines  may  extend  hundreds  of  miles. 

Imagine  the  engineering  problem  of  con¬ 
veying  large  quantities  of  electric  power 
over  even  moderate  distances.  Assume  that 
50.0  kilowatts  of  power  ( enough  for  only  a 
small  city  block )  are  transmitted  over  a  dis¬ 
tance  of  10  mi  and  that  the  energy  is  de¬ 
livered  at  the  usual  potential  difference  of 
120  volts.  Now  apply  the  power  formula 
to  find  the  current: 


P  =  VI 

I  =  p/v  =  5.00  X  104  W/120  V 
=  417  A 
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To  cut  down  the  power  loss  in  the  lines 
themselves,  suppose  that  very  large  wire  is 
used,  and  that  the  total  resistance  of  two 
10-mi  conductors  is  only  5ft.  Another  ver¬ 
sion  of  the  power  formula  now  gives  the 
power  lost  as  heat  in  the  lines: 

P  =  I2R  =  (417  A)2  X  5.00ft 
-  8.70  X  105  W  =  870  kW 

And  what  of  the  fall  of  potential  in  the  line? 
This  can  be  determined  with  Ohm’s  law: 

V  =  IR  =  417  A  X  5.00ft  =  2080  V 


To  deliver  50  kilowatts  of  electric  power, 
the  generating  station  would  have  to  pro¬ 
vide  not  only  that  power,  but  an  additional 
870  kilowatts  for  line  losses,  and  the  poten¬ 
tial  difference  at  the  generator  terminals 
would  be  120  volts  plus  the  line  drop,  or  a 
total  of  2200  volts.  Very  wasteful,  indeed! 

Evidently  the  principal  factor  in  the 
losses  is  the  high  current.  This  suggests  the 
use  of  a  transformer  to  step  the  current 
down  (and  the  potential  difference  up). 
Thus,  if  a  1:1000  step-up  transformer  is 
used,  the  50  kilowatts  of  power  will  be  sent 
at  a  potential  difference  of  120,000  volts, 
but  at  a  current  of  0.417  amperes.  The  line 
loss  under  these  conditions  is  I2R  =  (0.417 
amperes)2  X  5ft  =  0.87  watt,  which  is  in¬ 
significant  compared  to  the  total  power  de¬ 
livered.  Furthermore,  the  size  of  the  wire 
used  can  be  greatly  reduced  without  un¬ 
duly  increasing  the  line  loss.  This  alone  is 
a  great  saving  in  installation  cost.  Of 
course,  a  step-down  transformer  must  be 
used  at  the  load  end,  since  a  potential  dif¬ 
ference  much  greater  than  the  customary 
120  volts  would  be  dangerous  in  the  home 
or  office. 

This  cost-saving  feature  of  high-voltage 
transmission  lines  is  one  of  the  outstanding 
advantages  of  ac  over  dc.  Modern  high- 


potential  transmission  lines  operate  at  po¬ 
tentials  of  from  a  few  thousand  volts  to  as 
high  as  half  a  million  volts. 


Self  Check 


1 .  Why  is  an  emf  induced  in  the  secondary  of 
a  transformer  when  current  changes  in  the 
primary? 

2.  A  transformer  for  a  neon-type  advertising 
sign  must  deliver  9000  volts  to  the  lighting 
unit.  Ignoring  losses,  what  should  be  the 
turns  ratio  of  a  transformer  to  supply  this 
when  operated  from  a  120-volt  primary? 

3.  If  the  current  to  the  primary  of  the  trans¬ 
former  of  Question  2  is  15  amperes,  what 
is  the  current  in  the  lighting  unit? 

4.  Is  the  transformer  of  Question  2  a  step-up 
or  step-down  transformer? 

5.  What  factor  prevents  the  power  delivered 
by  the  secondary  of  a  transformer  fiom 
being  equal  to  the  power  input  of  the 
primary? 

6.  How  can  an  induction  coil  operate  on  direct 
current? 

7.  Why  would  long-distance  transmission  of 
electric  power,  if  done  at  low  potentials, 
incur  heavy  losses? 

8.  How  does  the  use  of  alternating  current 
help  solve  problems  of  transmitting  electric 
energy  over  long  distances? 


Problems 


1 .  What  should  be  the  turns  ratio  of  a 
transformer  used  to  operate  a  10-V  doorbell 
from  a  120- V  line? 

2.  If  the  transformer  of  Problem  1  is  de¬ 
signed  to  have  4  turns  per  volt  in  each  wind¬ 
ing,  how  many  turns  will  there  be  in  the  sec¬ 
ondary? 

3.  In  Problem  1,  what  is  the  primary 
current  if  the  bell  draws  2.5  A  and  the  effi¬ 
ciency  of  the  transformer  is  80  percent? 
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4.  A  small  welding  transformer  draws 
8.0  A  from  a  240-V  line,  and  delivers  a  current 
of  90  A  at  a  potential  difference  of  14  V.  What 
is  the  efficiency  of  the  transformer? 

5.  A  transformer  is  designed  to  be  fed 
by  a  600-V  ac  generator  to  feed  a  110,000-V 
transmission  line.  The  designer  decides  to  use 
2,700  turns  in  the  primary  winding.  If  all  the 
losses  combine  to  reduce  the  secondary  output 
potential  by  4.0  percent,  how  many  turns 
should  the  secondary  winding  possess? 


Discussion  Questions 


1.  If  the  primary  and  secondary  of  a  trans¬ 
former  are  wound  on  separate  cores  and 
are  placed  several  inches  apart  from  each 
other,  will  an  emf  be  induced  in  the  sec¬ 
ondary  when  alternating  current  exists  in 
the  primary? 

2.  Why  is  the  secondary  winding  of  a  step-up 
transformer  frequently  made  of  finer  wire 
than  the  primary  winding? 


Alternating  Current  Motors 


13-22  An  induction  motor  resembles  a 
transformer.  Many  of  the  electric  motors 
used  in  modern  Canadian  homes  are  of  a 
type  quite  different  from  those  described 
in  Chapter  12.  Typical  motors  in  washing 
machines  and  refrigerators,  clothes  dryers 
and  shop  tools,  are  induction  motors,  which 
operate  only  on  alternating  current. 

The  field  windings  of  a  typical  induction 
motor  are  diagramed  in  Fig.  13-17.  Note 
that  at  the  first  instant  shown,  the  four  poles 
are  alternately  N  and  S.  One  half  cycle 
later  —  that  is,  l/120th  second  later  — 
each  one  has  reversed.  Now  this  magnetic 
field  can  be  thought  of  as  having  rotated 
through  90°  of  a  circle  during  the  half- 
cycle  intervals.  Actually  it  makes  no  differ¬ 
ence  in  which  direction  you  assume  it  to 
rotate,  but  in  this  discussion  assume  that 
the  magnetic  field  goes  clockwise.  Notice 
that  the  field  core  and  windings  themselves 
do  not  move,  but  the  magnetic  field  which 
they  produce  goes  through  a  pattern  of 
changes  much  as  if  the  core  and  windings 
were  rotating. 

The  armature,  or  rotor,  of  the  induction 
motor  (Fig.  13-17c)  consists  of  heavy 
copper  ( or  aluminum )  bars  imbedded  in  a 
core  of  soft  iron.  The  resemblance  of  this 


structure  to  a  small  animal  cage  accounts 
for  the  fact  that  such  a  motor  is  frequently 
called  a  squirrel-cage  motor*  There  are  no 
electrical  connections  to  the  rotor-armature. 

The  rotor  is  located  within  a  rotating 
magnetic  field.  Therefore,  the  flux  density 
within  the  conductors  of  the  rotor  is  con¬ 
stantly  changing.  The  motor  is  like  a 
transformer.  The  field  winding  is  the  pri¬ 
mary,  and  the  squirrel-cage  rotor,  the  sec¬ 
ondary.  An  emf  is  induced  in  the  copper 
bars  of  the  rotor,  and  since  the  bars  con¬ 
stitute  a  complete  circuit,  an  induced  cur¬ 
rent  results.  And  now,  according  to  Lenz’s 
law,  the  induced  currents  set  up  magnetic 
fields  which  oppose  the  cause  of  those  cur¬ 
rents. 

What  is  the  cause  of  the  currents?  It  is 
the  relative  motion  between  the  rotating 
magnetic  field  and  the  stationary  armature, 
or  rotor.  This  relative  motion  may  be  op¬ 
posed  by  having  the  rotating  magnetic  field 
stop  or  by  having  the  rotor  move.  The 
rotor,  of  course,  moves.  If  the  rotor  moves 
at  the  same  speed  as  the  rotating  magnetic 
field,  then  the  two  are  not  in  relative  motion 
and  there  is  no  induced  current.  Thus 
under  normal  loads,  the  rotor  of  an  induc¬ 
tion  motor  always  rotates  at  a  speed  slightly 
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Figure  13-17  In  a  and  b  the  four  poles  of  the  field  of  an 
induction  motor  are  shown  at  two  instants  one  half  of  a  cycle 
apart.  Note  that  each  pole  is  wound  in  an  opposite  direction 
from  the  adjoining  poles.  Therefore,  adjacent  poles  have 
opposite  polarity,  c.  This  is  a  diagram  of  a  squirrel-cage 
armature.  Its  conductors  are  usually  made  of  heavy  copper 
imbedded  in  highly  permeable  iron.  Note  that  there  is  no 
commutator  in  this  kind  of  motor,  d.  The  rotor  of  an  induction 
motor.  On  the  left  is  the  rotor  and  the  shaft  to  which  it  is 
connected.  At  the  right  is  the  aluminum  “squirrel-cage”  part  of 
the  rotor. 


less  than  that  of  the  rotating  magnetic  field, 
which  supplies  the  energy  for  motion.  The 
rotating  field  in  the  motor  of  Fig.  13-17 
moves  at  1800  rpm.  Hence,  a  typical  motor 
of  this  kind  is  usually  rated  at  1700  to 
1750  rpm. 

The  rotating  magnetic  field  of  Fig.  13-17 
might  be  considered  as  either  clockwise  or 
counterclockwise.  As  a  matter  of  fact,  the 
rotor  in  such  fields  also  can  move  in  either 
direction,  depending  on  which  way  it  is 
started.  The  rotor  cannot  start  from  a  rest¬ 
ing  position  without  help.  Consequently, 
induction  motors  have  a  special  circuit 
which  starts  them  in  the  desired  direction. 
Once  started,  the  motor  quickly  accelerates 
until  it  is  operating  at  its  rated  speed. 

It  is  also  possible  to  design  ac  motors 
which  operate  at  a  precisely  constant  speed, 
regardless  of  mechanical  load.  These  are 


called  synchronous  motors.  In  large  sizes 
they  are  valuable  in  complex  and  exacting 
industrial  situations.  Electric  clocks  use 
very  small  synchronous  motors. 


Do  It  Now 


Listen  carefully  as  the  motor  of  your  refrig¬ 
erator,  washing  machine,  or  power  saw  starts. 
Do  you  hear  a  click  a  fraction  of  a  second 
after  the  motor  begins  to  rotate?  This  is  an 
automatic  switch  which  opens  the  circuit  for 
the  starting  device  of  the  motor;  once  the  motor 
is  moving,  it  no  longer  needs  the  starting 
device.  When  the  motor  is  turned  off  and 
slows  down,  the  automatic  switch  closes  (and 
clicks)  again,  so  it  will  be  ready  to  operate 
when  the  motor  is  started  once  more. 
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13-23  Lenz’s  law  is  an  important  gen¬ 
eralization.  The  explanation  of  the  opera¬ 
tion  of  a  squirrel-cage  motor  provides  an 
excellent  example  of  the  value  of  a  general¬ 
ization,  or  concept  —  in  this  case,  Lenz’s 
law.  You  could,  of  course,  have  learned  the 
operation  of  this  motor  without  it.  You 
would  have  had  to  analyze  the  direction  of 
induced  emf  and  the  resulting  current,  and 
then  determine  the  polarity  of  the  magnetic 
field  which  the  induced  currents  produced. 
This  done,  you  would  have  had  to  see  how 
the  rotor’s  magnetic  field  interacts  with  the 
stator’s  magnetic  field.  All  this  is  possible, 
of  course,  but  it  would  make  an  extremely 
involved  explanation.  The  principles  of  the 
operation  are  themselves  simple,  but  are 
complicated  by  the  changing  magnetic  field 
of  the  stator  and  by  the  very  unusual  circuit 
formed  by  the  copper  bars  and  the  rings  of 
the  rotor. 

Lenz’s  law,  however,  covers  many  situa¬ 
tions,  including  the  squirrel-cage  motor. 
Knowing  it,  you  need  only  recall  that  cur¬ 
rents  induced  in  the  rotor  set  up  a  mag¬ 
netic  field  which  opposes  the  cause  of  those 
currents.  Then  you  re-identify  the  original 
relative  motion,  and  the  operation  of  the 
motor  is  explained.  This  shows  the  value  of 
such  a  powerful  concept  as  Lenz’s  law:  it 
greatly  simplifies  the  explanation  of  other¬ 
wise  difficult  situations. 

13-24  Ac  motors  have  many  advan¬ 
tages  over  dc  motors.  The  induction  motor 
operates  only  with  ac  circuits.  This  type 
of  motor  has  certain  advantages  and  dis¬ 
advantages  when  compared  with  dc  motors. 

Disadvantages 

1.  Induction  motors  must  be  provided 
with  special  starters. 

2.  Induction  motors  do  not  operate  well 
at  speeds  much  lower  than  their  rated 
speeds.  As  a  result,  they  have  low 


starting  torque,  and  continued  low- 
speed  operation  may  damage  them. 
They  are  not  variable-speed  devices. 

3.  Induction  motors  are  larger  and  heav¬ 
ier  than  brush  and  commutator  motors 
of  the  same  horsepower. 

Advantages 

Because  induction-type  motors  have  nei¬ 
ther  commutator  plates  nor  brushes: 

1.  They  are  cheaper  to  build  —  no  com¬ 
mutators,  no  brushes,  no  armature 
windings. 

2.  They  operate  more  quietly. 

3.  They  present  a  minimum  upkeep  prob¬ 
lem  —  no  brushes  to  replace,  no  com¬ 
mutator  to  be  cleaned.  With  lifelong 
lubrication  systems,  some  induction 
motors  have  operated  normally  for 
many  years  without  attention. 

4.  Having  no  brushes,  induction  type 
motors  create  no  sparks.  This  is  a  par¬ 
ticularly  valuable  asset  in  mines, 
around  gasoline  fumes,  or  in  other 
places  where  a  spark  might  cause  an 
explosion. 


Self  Check 


1 .  How  can  current  exist  in  the  armature  of  an 
induction  motor  where  there  are  no  electric 
connections  to  the  conductors  built  into  the 
armature? 

2.  Why  does  the  armature  of  an  induction 
motor  normally  rotate  slightly  more  slowly 
than  the  magnetic  field  of  the  stationary 
coils? 

3.  What  determines  the  direction  in  which  a 
squirrel-cage  motor  rotates? 

4.  What  features  of  an  induction  motor  make 
for  reduced  maintenance  costs  as  compared 
with  a  dc  motor  of  similar  size? 
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Chapter 

Summary 


In  an  alternating  current  circuit,  both  po¬ 
tential  difference  and  current  vary  sinusoidally. 
The  most  common  frequency  for  this  variation 
is  60  cps.  The  ac  ampere  is  defined  as  the  cur¬ 
rent  which  produces  the  same  heating  effect 
as  1  dc  ampere.  Ac  potential  difference  and 
current  are  measured  in  effective  or  rms  values. 
The  effective  value  of  a  sinusoidal  variation  is 
0.707  times  the  maximum  value  which  it 
reaches.  Permanent-magnet,  moving-coil  meter 
movements  can  be  adapted  to  ac  measurements 
by  using  rectifiers.  In  addition,  special  ac  meter 
movements  have  been  designed  for  ac  meas¬ 
urements.  In  spite  of  the  constant  variations 
of  values  of  potential  difference  and  current. 
Ohm’s  law  applies  to  alternating  current  cir¬ 
cuits  providing  they  are  purely  resistive.  Com¬ 
mercial  alternating  current  is  produced  by  ac 
generators.  These  usually  have  rotating  fields 
and  stationary  armatures. 

Capacitors  in  ac  circuits  are  subject  to  con¬ 
stant  changes  in  potential  difference  across  their 
plates;  hence  electrons  are  always  flowing  into 
or  out  of  the  capacitors.  The  opposition  or 
capacitive  reactance  which  capacitors  present 
in  ac  circuits  is  inversely  proportional  to  the 
capacitance  and  to  the  frequency.  When  an 
ac  potential  difference  exists  across  the  ter¬ 
minals  of  a  capacitor,  the  alternating  current 
leads  the  potential  difference  by  a  phase  dif¬ 
ference  of  90°.  When  alternating  current  exists 
in  a  loop  of  wire,  there  is  constantly  changing 
magnetic  flux  within  that  loop  which  induces 
a  corresponding  emf,  whose  polarity  opposes 
the  current  change  which  caused  it.  As  a 
result,  inductors  oppose  changes  in  current  in 
them,  and  they  oppose  alternating  current, 
since  it  is  constantly  changing.  This  property 
of  an  inductor  is  its  inductance.  A  coil  or  in¬ 
ductor  has  an  inductance  of  1  henry  (H)  if  a 
current  change  of  1  ampere/sec  produces  an 
emf  of  1  volt.  The  opposition  which  an  in¬ 
ductor  presents  to  alternating  current  is  its  in¬ 
ductive  reactance.  This  varies  directly  with 


the  inductance  of  the  inductor  and  with  the 
frequency  of  the  current.  When  an  ac  poten¬ 
tial  difference  exists  across  the  terminals  of  an 
inductor,  the  resulting  alternating  current  lags 
the  potential  difference  by  a  phase  difference 
of  90°.  Circuits  containing  both  capacitance 
and  inductance  oscillate  at  a  resonant  fre¬ 
quency  at  which  capacitive  reactance  and  in¬ 
ductive  reactance  are  equal. 

In  a  simple  transformer,  two  coils  are  placed 
close  to  each  other  around  a  core  of  high  rela¬ 
tive  permeability.  When  varying  current  in 
the  primary  winding  produces  flux  changes  and 
hence  an  emf  in  that  coil,  it  does  so  also  in  the 
secondary  winding.  Transformers  can  be  de¬ 
signed  either  to  step  up  or  step  down  the  po¬ 
tential  difference.  When  potential  difference 
is  increased  from  primary  to  secondary,  cur¬ 
rent  is  decreased  by  the  same  factor,  in  accord¬ 
ance  with  the  law  of  conservation  of  energy. 
An  induction  coil  uses  interrupted  direct  cur¬ 
rent  in  its  primary  winding,  which  is  often 
electrically  connected  to  the  secondary  wind¬ 
ing.  Transformers  permit  the  transmission  of 
electric  energy  over  long  distances  at  very  high 
potentials  and  very  low  currents,  thus  reducing 
the  heating-effect  losses  which  heavy  current 
would  otherwise  produce. 

In  an  induction  motor,  currents  are  induced 
in  the  squirrel-cage-like  conductors  of  the  rotor 
by  transformer  action  from  the  field  windings, 
and  produce  forces  which  cause  the  rotor  to 
turn.  Induction  motors  have  certain  advantages 
over  brush-type  motors,  including  economy  of 
construction  and  maintenance. 
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inductor  (p. 311) 
henry  (p. 311) 
choke  coil  (p. 312) 
inductive  reactance 
(■ P ■  312) 
lag  (p.  313) 
impedance 
(p.  313) 

oscillating  circuit 
(p.315) 
resonant  circuit 
(p.  315) 

resonant  frequency 
(p.315) 

transformer  (p.  318) 


Problems 

1.  At  a  given  instant,  the  potential  dif¬ 
ference  in  a  60-cycle  ac  circuit  is  0.  If  the  peak 
value  is  10  V,  what  is  the  potential  difference 
1  cycle  later;  1  sec  later;  *4  cycle  later? 

2.  An  ammeter  shows  that  a  steam  iron 
draws  6.0  A.  What  is  the  maximum  instanta¬ 
neous  current  in  the  appliance? 

3.  A  technician  happens  to  have  an  am¬ 
meter  and  a  voltmeter  both  of  which,  contrary 
to  practice,  measure  maximum  values  rather 
than  effective  values.  According  to  these  in¬ 
struments,  a  given  industrial  heater  draws  10  A 
at  100  V.  What  is  the  power  consumed  by  the 
heater? 

4.  A  voltmeter  shows  that  the  potential 
difference  across  a  6.0-^F  capacitor  is  30  V  at 
a  sinusoidal  frequency  of  1200  cps.  What  cur¬ 
rent  exists  in  this  part  of  the  circuit? 

5.  An  ammeter  shows  that  a  current  of 
0.75  A  at  60  cps  exists  in  a  circuit  which  con¬ 
tains  a  25-jU.F  capacitor.  What  is  the  maximum 
potential  difference  which  exists  across  the  ca¬ 
pacitor  terminals? 

6.  A  circular  coil  of  60  turns  and  12-cm 
diameter  lies  perpendicularly  across  a  magnetic 
field  of  0.015  T.  What  is  the  average  emf  in¬ 
duced  in  the  coil  if  the  field  falls  to  half  its 
flux  density  in  an  interval  of  1/100  sec? 

7.  What  is  the  average  emf  induced  in  a 
2.5-H  inductor  when  the  current  in  it  rises 
from  1.8  A  to  4.3  A  in  0.30  sec? 


8.  A  good  choke  coil  with  large-size 
wire  may  be  considered  for  many  purposes 
as  a  pure  inductor  (i.  e.,  the  resistance  of  the 
wire  is  ignored).  It  is  desired  to  design  such  a 
coil  so  that  it  will  draw  3.5  A  when  operated 
on  a  120-V,  60-cycle  line.  What  should  its 
inductance  be? 

9.  Radio  receivers  use  resonant  circuits 
to  select  the  frequencies  of  desired  broadcast 
signals.  The  common  capacitor  to  use  in  such 
a  circuit  is  one  whose  capacitance  is  365  pF. 
What  inductance  should  be  used  with  this  to 
make  a  circuit  resonant  at  the  lower  end  of  the 
broadcast  radio  band,  which  is  540  kc/ sec? 

10.  A  transformer  is  designed  to  operate 
on  a  120-V  line  and  supply  8  V  to  operate  a 
buzzer.  The  primary  winding  has  600  turns. 
How  many  turns  are  in  the  secondary  winding? 

11 .  A  welding  transformer  operates  from 
a  240-V  primary,  and  delivers  80  A  of  current 
at  15  V  to  the  welding  unit.  If  the  efficiency  of 
the  transformer  is  75  percent,  what  is  the  cur¬ 
rent  in  the  primary? 

1 2.  The  gas  in  a  low-pressure,  gas-dis¬ 
charge  lamp  (neon-type)  is  known  to  ionize 
and  give  off  light  when  the  potential  difference 
between  plates  is  70  V,  and  to  continue  to  do 
so  until  it  falls  to  20  V.  During  what  fraction 
of  the  time  does  the  lamp  glow  when  operated 
from  an  ac  power  supply  whose  maximum  po¬ 
tential  difference  is  100  V? 


Discussion  Questions 

1 .  In  60-cycle  alternating  current,  there  are 
120  instants  each  second  when  the  potential 
difference  is  0.  In  a  purely  resistive  circuit, 
what  is  the  instantaneous  value  of  the  cur¬ 
rent  at  these  intervals? 

2.  Some  older  commercial  power  systems  use 
25-cycle  current.  Can  you  imagine  any  dis¬ 
advantage  in  using  this  current  for  electric 
lighting? 

3.  A  circuit  contains  resistance  and  inductance. 
For  a  certain  value  of  frequency,  the  phase 
difference  is  80°  Describe  what  happens 
to  the  phase  difference  if  the  frequency  is 
increased? 


primary,  secondary 
winding  (p.  318) 
step-up  transformer 
(p.  319) 

turns  ratio  (p.  319) 
step-down  transformer 
(p.  319) 
induction  coil 
(p. 320) 

induction  motor 
(p.  322) 

squirrel-cage  motor 
(p.  322) 

synchronous  motor 

(p.323) 
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4.  A  circuit  contains  resistance  and  capaci¬ 
tance.  For  a  certain  value  of  frequency,  the 
phase  difference  is  80°.  Describe  what  hap¬ 
pens  to  the  phase  difference  if  the  frequency 
is  increased? 

5.  As  you  tune  your  radio  to  stations  of  higher 
and  higher  frequency,  are  you  increasing  or 
decreasing  the  capacitance  of  the  tuning 
capacitor?  Examine  the  tuning  capacitor. 
Why  does  turning  the  knob  change  the 
capacitance? 

6.  If  high  potential  differences  and  low  cur¬ 
rents  make  for  more  economical  transmission 
of  electric  power,  why  are  not  household 
electric  lines  operated  in  this  manner? 

Work  on  Your  Own 

1 .  If  your  school  has  ac  meters,  set  up  ac 
circuits  containing  resistance,  inductance, 
and  capacitance.  Measure  the  potential 
difference  across  various  parts  of  the  circuit. 


You  will  find  that  Kirchhoff’s  laws  do  not 
seem  to  apply,  and  you  may  wish  to  leam 
more  about  how  they  must  be  modified  in 
ac  circuits.  Be  careful  about  the  capacitors 
you  use.  Some  are  designed  to  be  used  only 
with  direct  current  and  will  overheat  or  even 
explode  with  alternating  current. 

2.  Find  out  more  about  ac  meters. 

3.  Take  some  capacitors  apart  to  see  how  they 
are  made.  How  is  the  problem  of  large  area 
solved  without  making  the  capacitor  too 
bulky? 

4.  Connect  the  secondary  of  a  doorbell  trans¬ 
former  to  a  galvanometer,  and  the  primary 
to  a  dry  cell.  Observe  the  behavior  of  the 
meter  when  you  open  and  close  the  primary 
circuit  switch. 

5.  Make  your  own  transformer  with  two  sepa¬ 
rate  coils.  Investigate  the  effect  when  the 
coils  are  on  the  same  core,  separate  cores, 
and  at  various  distances. 


U  MIT  FOUR 


Irving  Langmuir,  J.  J.  Thomson,  and  William  D.  Coolidge 
inspect  an  early  vacuum  tube.  Between  1895  and 
1915  these  men  made  discoveries  that  are  important 
in  modern  electronics. 


By  now  you  Have  learned  of  the 
electrical  nature  of  matter  and 
have  studied  some  of  the  funda¬ 
mental  concepts  of  electric  en¬ 
ergy  and  electric  circuits.  With 
this  background  you  are  ready  to 
explore  one  of  the  most  useful 
branches  of  physics  and  engi¬ 
neering  —  electronics.  In  this 
unit  you  will  learn  how  electron 
flow  is  controlled  for  useful  pur¬ 
poses  by  means  of  certain  spe¬ 
cialized  circuits,  including  vacuum 
tubes.  In  particular,  you  will 
learn  how  such  circuits  convert 
alternating  current  to  direct  cur¬ 
rent  and  how  they  amplify  weak 
signals  for  a  wide  variety  of 
uses  in  electronic  communication. 
Man's  understanding  and  control 
of  electron  flow  has  produced 
many  highly  useful  technological 
devices.  Of  more  fundamental 
importance,  man  has  gained  val¬ 
uable  evidence  concerning  the 
nature  of  the  universe  in  which  he 
lives.  Accordingly,  the  last  chap¬ 
ter  of  this  unit  provides  a  survey 
of  some  of  the  more  recent 
phases  of  man’s  exploration  of 
matter  and  energy. 
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Courtesy  of  Eitel-McMullough,  Inc, 


Tetrode  vacuum  tubes  have  four  electrodes.  They  were  an  early  improvement  over  the  triode 
because  they  operated  much  better  with  the  frequencies  of  radio  waves  than  did  triodes. 


A  good  look  at  the  circuit  diagram  of  a  TV  set  or  hi-fi  system  can  be  a 
terrifying  experience.  There  are  resistors  and  capacitors,  inductors  and  trans¬ 
formers,  wires  and  switches.  There  may  be  strange  symbols  representing 
antennas,  microphones,  or  speakers.  Furthermore  there  are  vacuum  tubes, 
devices  about  which  you  know  very  little. 

The  circuits  are  complicated.  Many  wires  come  together  in  some  places; 
there  are  many  complete  paths  or  circuit  loops.  But  Kirchhoff's  rules  apply 
here  as  well  as  in  simple  circuits.  So  do  Ohm's  law  and  the  power  formula. 
You  already  know  a  great  deal  about  electronics  circuits. 

Most  important  of  all,  you  know  about  electrons  and  why  they  flow  in 
circuits,  how  they  behave  in  resistors,  inductors,  and  capacitors.  When  you 
have  learned  how  electrons  behave  in  a  vacuum,  you  will  see  that  electronic 
circuits,  like  other  circuits,  can  be  understood  in  terms  of  physics  fundamentals. 

In  this  chapter  you  will  learn  about  electric  currents  in  a  gas  and  in  vacuum, 
and  how  such  electronic  currents  behave  in  simple  electron  tubes. 


Electric  Current  in  a  Gas 


14_7  Gas-discharge  tubes  are  common 
devices.  Have  you  ever  wondered  how 
neon-type  advertising  signs  or  fluorescent 
lamps  fit  in  with  what  you  know  about  elec¬ 
tric  current  in  solids? 

If  you  examine  a  neon-type  sign  closely, 
it  appears  to  be  empty  glass  tubing.  Some¬ 
times  the  tubing  is  colored  or  appears  to 
have  some  sort  of  pastel  paint  inside.  If 
you  break  open  a  discarded  fluorescent 


lamp,  you  find  that  a  powdery  chemical  is 
on  the  inside  surface  of  the  tubes.  (Be  ex¬ 
tremely  careful  with  these  chemicals  be¬ 
cause  they  are  very  poisonous,  particularly 
if  they  get  into  tiny  cuts  in  the  skin!)  The 
electrical  connections  seem  to  be  little  more 
than  short  bare  wires  sealed  into  the  ends 
of  the  tubing.  There  is  a  gas  present  inside 
the  tube  at  very  low  pressure,  but  of  course 
you  cannot  see  this. 
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Advertising  signs  use  gas  tubes  to  produce 
any  desired  color,  yet  for  the  most  part,  the 
glass  tubing  itself  is  colorless.  These 
sources  of  light  operate  at  low  temperatures. 
Even  after  glowing  for  several  hours,  neon- 
type  signs  and  fluorescent  lamps  are  only 
slightly  warm.  Here  then  is  something 
which  bears  further  investigation.  It  ap¬ 
pears  that  under  certain  conditions,  gases 
can  conduct  current,  and  that  one  result 
of  this  current  is  the  emission  of  useful  light. 


Do  It  Now 


Next  time  you  go  past  a  store  window  where 
there  is  a  neon-type  sign,  stop  and  look  at  it 
very  closely.  Examine  the  electric  connections 
at  the  ends  of  the  tube.  Can  you  find  any  way 
for  current  to  get  from  one  end  of  the  tube  to 
the  other? 

14-2  Gas-discharge  tubes  operate  at 
very  low  pressure.  A  very  simple  kind  of 
gas-discharge  tube  is  diagramed  in  Fig. 
14—1.  A  straight  glass  tube  a  foot  or  more 
in  length  is  connected  to  a  vacuum  pump. 
Electric  connections  inside  the  tube  are 

Figure  14-1  This  is  a  diagram  of  a  simple 
gas-discharge  tube.  The  induction  coil  sup¬ 
plies  the  high  potential  difference  required. 


provided  by  metal  plates  called  electrodes 
whose  supports  are  sealed  into  the  glass 
ends.  The  electrodes  are  connected  to  an 
induction  coil  providing  a  potential  differ¬ 
ence  of  several  thousand  volts. 

When  the  gas  in  the  tube  is  at  atmos¬ 
pheric  pressure,  no  discharge  occurs.  As 
the  pressure  is  reduced,  a  few  lightning-like 
sparks  leap  from  one  electrode  to  the  other 
(see  Fig.  14—2).  When  the  pressure  is  at 
about  10“ 2  atmosphere,  a  violet-colored 
light  extends  the  length  of  the  tube  (Fig. 
14— 2b).  At  about  10-3  atmosphere  the 
negative  electrode  appears  to  be  coated 
with  a  soft  velvety  light,  while  the  re¬ 
mainder  of  the  tube  is  filled  with  alternate 
regions  of  light  and  darkness  (Fig.  14— 2c). 
Finally  if  the  pressure  is  reduced  to  ap¬ 
proximately  10-6  atmosphere,  little  or  none 
of  the  gas  glow  remains.  However,  much 
of  the  glass  wall  surrounding  the  gas  dis¬ 
charge  glows  with  a  distinct  greenish  or 
bluish  light. 


Figure  14-2  These  diagrams  show  the  pro¬ 
gression  of  glow  in  a  simple  gas-discharge 
tube  as  the  pressure  is  reduced. 


ELECTRON  TUBES  AND  ELECTRONIC  CIRCUITS 


333 


The  development  of  the  gas-discharge 
tube  just  after  the  middle  of  the  nineteenth 
century  is  closely  linked  with  the  names  of 
two  scientists,  Heinrich  Geissler  of  Ger¬ 
many  and  William  Crookes  of  England. 
Geissler  developed  the  vacuum  pump  capa¬ 
ble  of  producing  very  low  gas  pressures. 
And  he  was  first  to  operate  a  low-pressure 
discharge  tube.  Crookes  made  exhaustive 
studies  of  this  kind  of  electric  current  and 
laid  the  foundation  for  present  knowledge 
of  current  in  gases.  It  is  not  surprising, 
then,  that  low-pressure  gas-discharge  tubes 
are  commonly  referred  to  as  Geissler  tubes 
or  Crookes  tubes. 

14—3  Moving  ions  constitute  the  cur¬ 
rent.  Experiments  have  shown  that  when 
the  pressure  of  a  gas  is  low  enough,  a  strong 
electric  field  splits  the  gas  atoms  or  mole¬ 
cules  into  ions.  If  the  gas  is  a  simple 
element,  such  as  oxygen,  nitrogen,  or  chlo¬ 
rine,  the  molecules  lose  one  or  more  elec¬ 
trons;  what  remain  are  positive  ions.  The 
“lost”  electrons,  of  course,  are  negatively 
charged  and  may  be  considered  negative 
ions.  Due  to  the  electric  field,  the  positive 
ions  move  toward  the  negative  electrode, 
and  the  negative  ions  toward  the  positive 
electrode.  Thus,  the  current  in  the  gas- 
discharge  tube  consists  of  the  flow  of  nega¬ 
tive  and  positive  ions  in  opposite  directions. 

Once  they  are  in  rapid  motion,  these  ions 
strike  other  atoms  and  molecules  and  ionize 
them.  Electrons  have  very  high  speeds  and 
are  particularly  effective  in  ionizing  other 
atoms  by  knocking  away  some  of  the  outer 
electrons.  Sometimes  an  electron  strikes  an 
orbiting  electron  and  does  not  give  it  quite 
enough  energy  to  escape  the  attraction  of 
the  positive  nucleus.  Instead  it  moves  the 
struck  electron  out  to  a  larger  orbit.  In 
the  larger  orbit  an  electron  has  more  energy 
because  work  has  been  done  on  it  to  move 
it  farther  from  the  nucleus.  Somewhat  later, 
when  these  shifted  electrons  return  to  their 
normal  orbits,  they  radiate  this  energy  in 


the  form  of  visible  light  or  invisible  radia¬ 
tion.  The  colors  of  the  visible  light  pro¬ 
duced  depend  on  the  gas  in  the  tube.  Thus, 
oxygen  produces  a  blue-violet  light;  carbon 
dioxide,  pale  blue;  neon,  bright  red;  and 
mercury  vapor,  intense  blue-green. 

When  the  gas  pressure  within  a  gas-dis¬ 
charge  tube  is  low  enough,  the  electric  field 
gives  the  ions  a  very  great  velocity,  and 
they  move  many  centimeters  before  striking 
another  particle.  When  these  speeding 
electrons  strike  the  surrounding  glass,  they 
produce  a  fluorescent  effect  visible  as  a 
greenish  or  bluish  glow  of  the  minerals  in 
the  glass  itself. 

14-4  Neon-type  advertising  signs  are 
gas-discharge  tubes.  Modern  tubular  ad¬ 
vertising  signs  are  a  direct  application  of 
low-pressure  gas  discharge.  After  the  de¬ 
sign  has  been  made,  the  sign  maker  divides 
the  letters  or  numbers  of  lines  which  he 
must  make  into  sections  a  few  feet  long. 
He  then  bends  glass  tubing  into  the  desired 
shape  and  seals  electrodes  into  the  ends. 
Next  the  tubing  is  connected  to  a  vacuum 
pump  and  practically  all  air  is  withdrawn 
from  the  tube.  Finally,  gas  to  produce  the 
desired  color  is  admitted  to  the  tube  at  the 
proper  pressure.  When  sealed  it  is  ready  for 
operation. 

The  energy  for  operation  is  supplied  by 
a  transformer  which  provides  several  thou¬ 
sand  volts  across  its  secondary  winding. 
The  primary  winding  is  connected  to  a 
supply  of  120  volts  ac.  Under  these  condi¬ 
tions,  each  electrode  is  positive  part  of  the 
time  and  negative  part  of  the  time.  In  this 
case,  it  makes  no  difference,  however,  since 
the  pressure  of  the  gas  is  selected  to  pro¬ 
duce  a  continuous  glow  throughout  the 
tube. 

Many  kinds  of  gases  are  used  to  produce 
the  many  colors  desired.  Neon  produces 
the  bright  red  color  so  often  seen.  Neon 
was,  in  fact,  the  first  gas  used  for  com¬ 
mercial  signs.  As  a  result,  all  signs  of  this 
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type  are  commonly  miscalled  “neon  signs.” 
Sometimes  tinted  or  coated  glass  tubing 
is  used  to  achieve  the  special  effects  in 
today’s  neon  advertising. 

14-5  The  phosphors  in  fluorescent 
lamps  produce  light.  Household  fluores¬ 
cent  lamps  produce  a  discharge  through 
mercury  vapor.  This  provides  invisible 
ultraviolet  light,  plus  a  very  small  amount 
of  visible  light.  The  ultraviolet  radiation 
strikes  the  interior  of  the  tube,  which  is 
coated  with  a  mixture  of  chemical  com¬ 
pounds  called  phosphors.  These  fluoresce; 
that  is,  they  give  off  visible  light  when 
excited  by  ultraviolet  radiation.  Hence,  the 
useful  light  from  a  fluorescent  lamp  is  not 
the  direct  radiation  from  the  conducting  gas 
but  secondary  radiation  from  the  chemicals 
on  the  inner  surface  of  the  glass  tube. 
Fluorescent  lamps  may  be  made  to  produce 
any  color,  depending  on  the  choice  of 
phosphors. 

The  electric  circuit  of  a  typical  fluorescent 
lamp  circuit  is  shown  in  Fig.  14-3.  Like 
most  such  lamps,  this  one  is  designed  to 
operate  directly  from  a  120-volt  ac  source. 
The  two  electrodes  have  heating  filaments, 
which  operate  only  while  the  lamp  is  warm¬ 
ing  up.  Once  the  glow  discharge  is  started, 
the  electrodes  are  kept  warm  by  the  kinetic 
energy  of  ions  striking  them. 


Self  Check 


1.  How  do  electric  charges  enter  and  leave  a 
gas-discharge  tube? 

2.  Under  what  conditions  can  a  gas  be  ion¬ 
ized  by  an  electric  field? 

3.  Why  is  light  given  off  in  a  typical  gas- 
discharge  tube? 

4.  What  determines  the  color  of  light  given 
off  by  a  gas-discharge  tube? 

5.  Why  is  it  that  at  lower  pressures  ions  at¬ 
tain  high  speeds  in  a  gas-discharge  tube? 

6.  Why  is  ac  feasible  for  operating  neon-type 
advertising  signs,  providing  the  potential 
difference  is  sufficient? 

7.  What  kind  of  radiation  is  produced  by  the 
gas  discharge  within  a  fluorescent  lamp? 

8.  What  is  the  major  source  of  the  visible  light 
which  fluorescent  lamps  produce? 


Discussion  Questions 


1.  What  do  you  think  would  be  the  location 
of  the  soft  velvety  light  of  Fig.  14— 2c  if 
the  gas-discharge  tube  were  operated  on  ac 
rather  than  dc? 

2.  In  a  gas-discharge  tube,  orbiting  electrons 
are  moved  to  larger,  higher-energy  orbits. 
What  is  the  source  of  energy  for  this 
change? 


Figure  14-3  This  fluorescent  lamp  is  shown  in  a  typical  circuit  for  manual  starting.  To 
start,  switch  A  is  closed,  thus  completing  the  circuit  through  both  heating  coils  and  the 
inductor,  all  in  series.  When,  after  a  few  seconds,  switch  A  is  opened,  the  inductor  provides 
the  high-potential  inductive  "kick”  to  ignite  the  tube.  Thereafter,  it  acts  as  a  "ballast”  to 
keep  the  current  down  to  a  safe  value.  To  turn  the  lamp  off,  switch  B  is  momentarily  opened. 


electrode  and 
heating  coil 


A 


normally  open 


B 


normally  closed 


to  120  V 
ac 


electrode  and 
heating  coil 


inductor 
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Electric  Current  in  a  Near- vacuum 


14-6  Hot  metals  yield  free  electrons. 

You  have  seen  that  electric  current  can 
exist  in  a  rarefied  gas.  The  moving  charges 
—  positive  and  negative  ions  —  are  present 
in  the  low-pressure  gas  in  the  tube.  They 
move  because  they  are  in  an  electric  field. 
Surely  the  same  sort  of  thing  could  happen 
in  a  discharge  tube  in  which  the  “gas”  con¬ 
sists  of  only  electrons  free  in  space.  In  that 
case,  it  would  not  be  a  gas-discharge  tube 
but  literally  an  electron  tube.  This  is  what 
the  common  vacuum  tube  actually  is.  The 
problem  is  to  get  a  large  number  of  free 
electrons  in  the  space  inside  the  tube.  This 
is  done  by  using  a  metal  as  the  source  of  the 
free  electrons. 

You  already  know  that  metals  and  some 
other  substances  contain  free  electrons  — 
electrons  that  are  part  of  the  atomic  or 
molecular  structure  but  are  free  to  drift 
within  the  substance.  When  there  is  no 
current,  the  free  electrons  still  vibrate  and 
migrate  from  atom  to  atom,  but  there  is  no 
general  drift  in  any  one  direction. 

As  might  be  expected,  this  activity  of  free 
electrons  increases  with  temperature.  If  the 
temperature  rises  to  about  2000°K,  the  free 
electrons  become  so  active  that  they  are 
literally  hurled  away  fro.  the  surface  of  a 
metal  and  become  free  electrons  in  space. 
These  electrons  are  said  to  be  emitted  from 
the  metal.  Since  this  is  a  thermal  situation, 
and  since  the  electrons  are  ions,  this  phe¬ 
nomenon  is  known  as  thermionic  emission, 
which  can  be  defined  as  the  release  of  free 
electrons  from  the  surface  of  hot  conductors. 

14-7  High  temperatures  supply  the 
energy.  Why  are  such  high  temperatures 
required  to  produce  thermionic  emission? 
Why  do  not  electrons  escape  from  the  metal 
more  easily?  Electrostatic  attraction  and 


possibly  other  interatomic  forces  tend  to 
hold  them  back. 

The  energy  which  an  electron  must  have 
to  escape  into  space  is  called  its  work- 
function  .  The  work-function  of  most  metals 
is  3  to  5  electron  volts.  This  is  greater  than 
the  energy  possessed  by  free  electrons  in 
metals  at  ordinary  temperatures.  High 
temperatures  are  required  to  supply  the 
additional  energy.  In  fact,  most  metals  melt 
before  they  get  hot  enough  to  emit  electrons 
in  any  great  quantity.  Tungsten  with  its 
high  melting  point  (3643°K)  is  used  exten¬ 
sively  as  an  emitting  electrode  in  high- 
power  vacuum  tubes.  In  such  applications 
it  is  operated  at  about  2500°K. 

Many  metals  and  some  metallic  oxides 
have  lower  work-functions  than  does  tung¬ 
sten,  but  cannot  be  used  alone  because  of 
their  low  melting  point,  or  their  inability  to 
be  drawn  into  a  wire.  Fortunately,  it  is 
possible  to  add  such  materials  to  tungsten 
to  improve  its  emission  characteristics. 


Do  It  Now 


Thermionic  emission  has  often  been  compared 
to  “boiling  away  of  electrons.”  Recall  what  you 
know  about  the  energy  involved  in  releasing 
molecules  from  a  liquid  to  become  a  gas.  Is 
there  any  resemblance  between  this  and 
thermionic  emission?  What  are  the  limitations 
of  the  analogy?  In  the  boiling  of  a  liquid, 
what  corresponds  to  the  work-function? 

14-8  Many  tubes  have  indirectly 
heated  cathodes.  In  medium-  and  high- 
power  vacuum  tubes,  a  treated  tungsten 
filament  is  heated  by  electric  current  and 
then  emits  electrons.  Such  an  arrangement 
is  called  a  directly  heated  electrode.  In 
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Figure  14-4  a.  This  drawing  shows  the  struc¬ 
ture  of  a  directly  heated  cathode.  The  upper 
support  keeps  the  filament  strands  taut,  even 
when  they  expand  on  heating.  Beside  the 
drawing  is  the  symbol  used  in  circuit  diagrams 
to  indicate  a  directly  heated,  or  filament-type 
(F),  cathode,  b.  This  drawing  shows  the 
structure  of  an  indirectly  heated  cathode.  The 
heater  (twisted  wire)  receives  power  from  a 
separate  source,  usually  ac,  and  is  insulated 
from  the  surrounding  cylindrical  cathode.  In 
the  symbol  used  for  this  type  of  cathode 
K  stands  for  cathode  and  H  for  heater. 

vacuum  and  gas-discharge  tubes,  the  source 
of  the  electrons  is  termed  the  cathode, 
represented  by  the  letter  K.  Hence,  a 
tungsten-filament  emitter  is  known  as  a 
directly  heated  or  filament-type  cathode. 
(See  Fig.  14-4a. ) 

Many  modern  small  vacuum  tubes  use 
indirect  means  to  heat  the  cathode.  Figure 
14rAb  shows  the  construction  of  an  in¬ 
directly  heated  cathode.  A  tiny  heating 
wire  extends  the  length  of  a  small  tube 
whose  outer  surface  is  the  emitter.  The 
cathode  surface  is  coated  with  a  mixture  of 
metallic  oxides  which  improve  its  ability  to 
emit  electrons. 

14-9  Emitted  electrons  must  be  re¬ 
placed.  As  electrons  are  emitted  from  a 
hot  cathode  in  a  vacuum  tube,  they  remove 
negative  charges  from  it.  As  a  result,  the 


emitting  cathode  becomes  positively 
charged.  As  emission  continues,  the  elec¬ 
trode  becomes  increasingly  positive  and 
exerts  more  and  more  retarding  force  on 
the  emitted  electrons.  If  nothing  is  done 
about  this,  the  emitting  surface  soon  at¬ 
tracts  back  to  itself  as  many  electrons  as  it 
emits,  so  that  the  net  emission  is  zero. 

This  can  be  overcome  by  connecting  the 
cathode  to  a  source  of  free  electrons  to 
replace  those  emitted.  Such  a  source  is 
supplied  by  the  negative  terminal  of  a 
chemical-electric  cell  or  occasionally  an 
electric  generator. 


Do  It  Now 


Obtain  discarded  vacuum  tubes  and  examine 
their  interior.  Metal  tubes  can  be  opened  with 
a  hack  saw.  Glass  tubes  should  be  wrapped 
in  cloth  or  paper  and  broken  in  a  vise  or  by 
taps  from  a  hammer.  Can  you  find  directly 
and  indirectly  heated  cathodes?  (Battery-op¬ 
erated  tubes  are  often  of  the  directly  heated 
variety. ) 

14-10  Emitted  electrons  can  constitute 
a  current  in  a  vacuum  tube.  Even  when  the 
cathode  of  a  vacuum  tube  is  connected  to  a 
source  of  electrons,  emission  may  not  con¬ 
tinue  indefinitely.  Very  quickly  a  “cloud” 
of  electrons  occupies  the  space  immediately 
surrounding  the  cathode.  The  negative 
charge  of  this  cloud  is  called  the  space 
charge  around  the  cathode.  It  tends  to 
repel  more  emitted  electrons  back  to  the 
cathode,  and  hence  would  reduce  net  emis¬ 
sion  almost  to  zero. 

However  another  electrode  in  the  vac¬ 
uum  tube  (called  the  anode  or  plate)  is 
connected  to  the  positive  terminal  of  the 
dc  source  whose  negative  terminal  is  con¬ 
nected  to  the  cathode.  As  a  result,  electrons 
are  attracted  toward  the  anode,  creating  a 
current  in  the  tube.  In  typical  vacuum 
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Figure  14—5  a.  This  diagram  shows  the  actual  construction  of  a  typical  two-electrode 
vacuum  tube.  b.  This  diagram  is  the  symbol  for  a  two-electrode  vacuum  tube  used  in  circuit 
diagrams.  In  the  use  of  symbols  the  emphasis  is  not  on  the  physical  construction  but  on  the 
function  of  the  parts. 


tubes  this  electrode  is  a  metal  cylinder 
which  surrounds  the  cathode,  as  in  Fig. 
14^5.  As  the  plate-to-cathode  potential 
difference  is  increased,  it  then  offsets  the 
effect  of  the  space  charge  with  increasing 
effectiveness. 


Self  Check 


1 .  Why  do  free  electrons  need  energy  in  order 
to  be  emitted  from  a  conducting  surface? 

2.  What  is  the  meaning  of  the  statement  that 
the  work-function  of  a  given  material  is 
3  electron  volts? 

3.  How  is  energy  supplied  to  electrons  so  they 
can  be  emitted? 

4.  What  is  the  difference  between  directly 
heated  and  indirectly  heated  cathodes? 

5.  Why  are  cathodes  often  coated  with  metal¬ 
lic  oxides? 

6.  What  is  a  space  charge?  How  does  it  affect 
electron  emission? 

7.  How  are  electrons  made  to  flow  through  a 
vacuum  tube? 


Problems 


The  cathode  material  of  a  certain  vacuum 
tube  has  a  work-function  of  1.8  eV.  How  much 
energy  is  required  for  emission  in  this  tube 
where  the  total  current  is  40  milliamperes  for 
an  interval  of  5.0  min? 


Discussion  Questions 


1 .  Which  electrons  have  more  energy  on  the 
average,  the  free  electrons  in  the  wire  lead¬ 
ing  to  a  vacuum  tube  cathode,  or  the  elec¬ 
trons  in  the  space  charge  around  the 
cathode? 

2.  What  would  you  expect  to  happen  in  a 
vacuum  tube  diode  into  which  substantial 
amounts  of  air  had  leaked? 

3.  The  potential  difference  between  the  two 
electrodes  in  a  gas-discharge  tube  like  that 
of  Fig.  14-1  must  be  considerably  higher 
than  the  potential  difference  between  the 
cathode  and  anode  in  a  thermionic  tube. 
Why? 
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14-11  A  diode  conducts  electrons  in 
only  one  direction.  A  vacuum  tube  con¬ 
taining  two  electrodes  is  called  a  diode. 
Under  normal  operating  conditions,  a  diode 
conducts  electrons  from  the  cathode  to  the 
plate,  as  in  Fig.  14-6a.  In  this  case,  the 
current  is  limited  only  by  the  internal  re¬ 
sistance  of  the  source  of  emf  and  by  the 
internal  resistance  of  the  tube. 

If  the  terminals  are  reversed,  as  in  Fig. 
14-6b,  the  heated  and  coated  electrode  is 
connected  to  the  positive  terminal  of  the 
energy  source.  Hence  it  has  no  supply  of 
electrons  and  therefore  cannot  emit  them. 
At  the  negative  end  of  the  energy  supply  is 
a  plate  which  cannot  emit  electrons  because 
only  a  very  high  potential  difference  can 
cause  emission  from  a  cold  electrode. 

The  diode  is  a  somewhat  unique  electric 
device.  It  conducts  electrons  when  the 
heated  and  coated  electrode  is  used  as  a 
cathode  —  that  is,  when  it  is  connected  to 
the  negative  part  of  a  circuit  —  but  not 
when  it  is  connected  in  the  opposite  way. 
It  acts  as  an  electron  valve  which  passes 
electrons  in  one  direction  only. 

Although  the  plate  (the  cold  electrode) 
of  a  diode  vacuum  tube  must  be  positive 
with  respect  to  the  cathode  (the  heated 
electrode)  in  order  for  electrons  to  flow, 


the  potential  difference  need  not  be  great. 
Generally,  some  electrons  will  flow  even 
though  the  plate-to-cathode  potential  dif¬ 
ference  is  one  volt  or  even  less.  In  the 
tube  just  described,  the  current  in  the  tube 
consists  entirely  of  a  flow  of  electrons  from 
the  cathode  to  the  plate.  Similar  results 
can  be  obtained  with  tubes  filled  with 
gas  at  low  pressure.  In  gas-filled  tubes, 
however,  the  operation  is  more  complex 
because  ions  move  in  both  directions.  A 
thermionic  diode  can  now  be  defined  as  a 
two-electrode  vacuum  (or  gas-filled)  tube 
with  a  heated  cathode. 

14-12  A  diode  may  act  as  a  half-wave 
rectifier.  The  most  important  use  of  the 
two-electrode  vacuum  tube,  or  diode,  is  that 
of  changing  alternating  current  to  direct 
current.  This  conversion  is  necessary  for 
the  operation  of  many  modern  devices. 
Most  commercial  electric  power  is  supplied 
as  alternating  current,  but  direct  current  is 
needed  for  certain  chemical  processes,  for 
charging  storage  cells,  and  for  telephone 
circuits,  among  other  things.  Moreover, 
public  address  systems,  radio  and  televi¬ 
sion  receivers,  and  the  like  require  direct 
current  for  proper  operation.  The  conver¬ 
sion  of  alternating  to  direct  current  is  called 


Fig  ure  14—6  a.  The  cathode  is  negative  with  respect  to  the  plate;  therefore,  the  tube 
conducts  electrons,  b.  The  electrode  polarity  is  reversed,  and  the  tube  does  not  conduct. 
This  illustrates  the  rectifier  action  of  a  diode  vacuum  tube.  The  symbol  for  the  cathode 
is  for  an  indirectly  heated  cathode;  the  heater  symbol  is  shown  inside  it. 


a 


b 
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Figure  14—7  a.  This  diagram  shows  the  connection  of  a  diode  into  a  simple  half-wave 
rectifier  circuit.  Note  that  whenever  a  current  exists,  electrons  move  upward  through  the 
load;  therefore,  the  bottom  is  negative  with  respect  to  the  top.  Notice  that  the  heater 
symbol  has  been  omitted  in  order  to  simplify  the  diagram,  b.  The  sine  wave  represents 
the  input  wave  form  before  it  is  rectified.  Below  it  is  the  rectified  wave  form.  It  is 
unidirectional,  but  uneven  and  intermittent.  For  most  uses  it  needs  smoothing  out  or 
“filtering.” 


rectification;  the  diode  tubes  used  to  per¬ 
form  the  task  are  called  rectifier  tubes. 

A  simple  rectifier  circuit  is  shown  in  Fig. 
14— 7a.  The  part  labeled  “load”  is  the  device 
which  requires  direct  current  for  its  opera¬ 
tion.  It  might  be  a  small  phonograph  am¬ 
plifier  or  radio  receiver.  Since  electrons 
pass  through  the  rectifier  tube  in  one  direc¬ 
tion  only,  the  electron  flow  through  the  load 
is  also  unidirectional.  However,  the  current 
in  the  load  is  intermittent.  Because  such  a 
rectifier  circuit  utilizes  only  half  the  applied 
sine  wave,  it  is  called  a  half-wave  rectifier. 
Many  ac-dc  radio  receivers  —  that  is,  those 


designed  to  operate  from  either  ac  or  dc 
electric  supply  lines  —  use  half-wave  recti¬ 
fiers  of  this  type. 

14-13  Two  diodes  may  function  as  a 
full  -wave  rectifier.  Most  large  radio  re¬ 
ceivers  and  hi-fi  sets  use  a  circuit  known  as 
a  full-wave  rectifier.  Two  diodes  are  used; 
one  passing  one  half-cycle  of  the  incoming 
ac  wave-form  and  the  other  passing  the 
other  half.  (See  Fig.  14-8.) 

Notice  that  the  transformer  in  this  circuit 
has  a  center-tapped  secondary  winding. 
This  is  a  single  winding  which  has  connec- 


Figure  14-8  a.  This  circuit  shows  how  two  diodes  are  connected  into  a  full-wave  rectifier 
circuit.  During  half  the  cycle  the  upper  diode  conducts,  and  during  the  other  half  cycle 
the  other  diode  circuit  takes  over.  No  matter  which  diode  is  conducting,  electrons  flow 
from  left  to  right  through  the  load,  as  the  arrows  indicate,  b.  The  top  wave  form  is  the 
incoming  unrectified  ac  with  the  rectified  output  below  it.  The  output  of  a  full-wave  rectifier 
is  better  than  that  of  the  half-wave  rectifier  because  it  is  no  longer  intermittent;  it  is, 
however,  still  far  from  constant. 
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tions  not  only  at  each  end,  but  also  midway 
between  the  ends.  You  can  think  of  this 
center-tapped  winding  as  two  identical  sec¬ 
ondary  windings  connected  together.  At 
any  instant,  the  potential  difference  across 
AB  is  the  same  as  that  across  BC.  But  what 
about  the  polarity  of  the  potential  differ¬ 
ences?  In  Fig.  14— 8a  what  is  the  polarity 
when  A  is  600  volts  more  positive  than  CP 
A  is  300  volts  more  positive  than  B,  and  B 
is  300  volts  more  positive  than  C.  If  you 
trace  these  potentials  around  through  the 
rest  of  the  circuit,  including  the  trans¬ 
former  secondary  winding  and  the  load,  you 
find  that  the  plate  of  the  upper  diode  is 
positive  with  respect  to  its  cathode.  As  a 
result,  electrons  pass  through  this  tube, 
through  AB,  and  from  left  to  right  through 
the  load.  In  the  lower  tube,  however,  the 
plate  is  negative  with  respect  to  the  cath¬ 
ode,  so  no  electrons  flow. 

One  half-cycle  later  ( 1/120  of  a  second 
for  60-cycle  current)  C  is  300  volts  positive 
with  respect  to  B  and  B  is  300  volts  posi¬ 
tive  with  respect  to  A.  Under  these  condi¬ 
tions,  the  upper  diode  does  not  conduct, 
but  the  lower  one  does.  Electrons  flow 
from  cathode  to  plate  of  the  lower  diode, 


through  CB,  and  then  from  left  to  right 
through  the  load.  Note  that  in  both  cases 
electrons  pass  from  left  to  right  through  the 
load.  This  means  that  the  current  delivered 
by  this  full-wave  rectifier  is  unidirectional, 
though,  of  course,  fluctuating.  Figure  14— 
8b  is  a  graphical  representation  of  the 
input  and  output  wave-forms  of  the  full- 
wave  rectifier  circuit. 

14-14  A  capacitor  may  act  as  a  filter 
circuit.  Although  the  half-wave  and  full- 
wave  rectifier  circuits  of  Figs.  14—7  and 
14—8  provide  unidirectional  electron  flow 
in  the  load,  this  rectified  current  is  far  from 
being  pure  direct  current.  Not  only  does  it 
fluctuate  in  magnitude,  it  repeatedly  falls 
to  zero  magnitude. 

Since  many  loads  require  constant  cur¬ 
rent,  some  arrangement  must  be  made  to 
smooth  or  filter  out  the  irregularities  in  cur¬ 
rent  supplied  by  a  typical  diode  rectifier 
circuit.  The  circuit  which  provides  this 
filtering  action  is  known  as  a  filter  circuit. 

An  effective  way  to  filter  some  of  the 
irregularities  from  a  half-wave  or  full-wave 
rectifier  circuit  is  to  use  a  capacitor,  as  in 
Fig.  14-9a.  The  capacitor  is  connected 


Figure  14-9  a.  In  this  diagram  a  filter  capacitor  has  been  added  in  parallel  with  the 
load.  b.  In  this  graph  the  solid  lines  are  exactly  like  those  on  the  bottom  of  Fig.  14— 7b; 
they  represent  the  potential  difference  across  the  load  of  an  unfiltered  half-wave  rectifier 
circuit.  The  dotted  lines  represent  the  potential  difference  across  the  load  of  a  half-wave 
rectifier  circuit  when  a  capacitor  has  been  placed  in  parallel  with  the  load.  Notice  that 
during  the  intervals  marked  D  the  capacitor  slowly  discharges,  but  it  manages  to  maintain 
a  nearly  constant  potential  difference,  provided  the  capacitor  is  large  enough.  During  the 
intervals  marked  C  the  capacitor  is  charged  by  current  through  the  diode. 
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directly  across  the  load.  A  capacitor  in 
parallel  with  the  output  of  a  rectifier  circuit 
stores  charge  while  the  potential  difference 
is  high,  and  delivers  the  stored  charge 
when  potential  difference  would  otherwise 
be  low.  The  result  is  shown  in  the  graph 
in  Fig.  14— 9b. 

This  capacitor  filter  is  the  simplest  filter 
circuit.  It  converts  the  intermittent  supply 
of  Fig.  14—7  to  the  continuous,  though 
still  uneven,  supply  of  Fig.  14— 9b.  The 
output  of  the  circuit  of  Fig.  14— 9b  still  has 
some  irregularity  in  it.  This  unfiltered  ir¬ 
regularity  in  the  output  of  a  rectifier-filter 
circuit  is  known  as  ripple. 


Do  It  Now 


The  operation  of  a  capacitor  as  a  filter  circuit 
has  been  compared  to  an  emergency  bank  ac¬ 
count.  Funds  are  stored  in  the  account  when 
money  is  plentiful,  drawn  when  money  would 
otherwise  be  scarce  or  absent.  To  what  extent 
do  you  consider  this  analogy  valid?  In  what 
ways  does  it  fail? 


14-15  A  fluctuating  current  can  be  an¬ 
alyzed  into  ac  and  dc  components.  There 
is  another  way  to  look  at  the  behavior  of  a 
capacitor  as  a  filter  circuit.  A  fluctuating 
direct  current  can  be  thought  of  as  pure  dc 
with  ac  added  to  it.  This  is  illustrated  in 
Fig.  14—10.  Here  a  direct  current  of  50 
milliamperes  is  added  to  an  alternating  cur¬ 
rent  which  varies  from  a  maximum  instan¬ 
taneous  value  of  10  milliamperes  in  one 
direction  to  10  milliamperes  in  the  other 
direction.  The  sum  of  these  two  currents 
is  a  fluctuating  dc  which  varies  between  40 
and  60  milliamperes.  The  same  line  of 
reasoning  can  be  applied  to  fluctuating 
potential  difference. 

In  a  similar  way,  the  current  conducted 
by  the  unfiltered  half-wave  rectifier  circuit 
of  Fig.  14—7  can  be  considered  as  being 
composed  of  an  ac  and  a  dc  component. 
True,  the  ac  component  is  not  a  sine  wave. 
Nevertheless,  it  is  alternating  current.  Simi¬ 
larly,  the  potential  difference  across  the 
load  of  a  rectifier  circuit,  whether  filtered 
or  not,  may  be  considered  as  a  combination 
of  ac  and  dc. 


Figure  14-10  a.  This  graph  shows  a  dc  wave  form  of  50  milliamperes  (mA)  at  the  top 
and  an  ac  wave  form  of  10  mA  peak  value  below  it.  b.  The  wave  forms  of  a  are  shown 
added  together  to  make  up  a  single  current  which  fluctuates  from  a  minimum  of  40  mA  to  a 
maximum  of  60  mA.  By  the  reverse  reasoning,  a  fluctuating  current  (or  potential  difference) 
can  be  considered  as  being  made  up  of  a  dc  component  and  an  ac  component. 


a 


b 
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Now  look  again  at  the  simple  capacitor 
filter  of  Fig.  14—9.  The  load  circuit  is 
really  made  up  of  two  parallel  branches,  the 
load,  and  the  capacitor  itself.  The  load  will 
pass  either  ac  or  dc;  the  capacitor  passes 
ac  quite  readily,  but  does  not  pass  dc  at 
all.  Therefore,  most  of  the  ac  component 
goes  through  the  capacitor,  while  all  the  dc 
component  and  a  little  of  the  ac  goes 
through  the  load.  Thus,  relatively  little  of 
the  ripple  (which  is  ac)  goes  through  the 
load.  The  capacitor  filters  most  of  the 
ripple  from  the  output  of  the  rectifier  cir¬ 
cuit. 

14-16  Inductors  can  be  used  in  filter 
circuits.  The  simple  capacitor  filter  just 
analyzed  is  adequate  for  some  applications. 
For  most  radio  receivers  and  amplifiers, 
however,  more  thorough  filtering  of  the 
rectifier  output  is  necessary.  This  can  be 
accomplished  through  the  use  of  an  induc¬ 
tor.  A  filter  network  employing  an  inductor 
and  two  capacitors  is  shown  in  Fig.  14—11. 

Remember  the  electron  flow  through  the 
diode  has  an  ac  component  and  a  dc  com¬ 
ponent.  An  inductor  opposes  ac  but  passes 
dc  quite  readily.  Much  of  the  ac  is  in 
the  capacitor  branch  on  the  left,  partly 
because  the  capacitor  offers  such  low  op¬ 


position  to  ac  and  partly  because  the  in¬ 
ductor  offers  high  opposition  to  it.  There¬ 
fore  the  current  in  the  inductor  is  almost 
pure  dc.  Almost  all  of  the  remaining  ac  in 
the  current  from  the  inductor  is  in  the  sec¬ 
ond  capacitor  branch,  rather  than  the  load. 
The  result  of  all  this  is  to  provide  dc  for 
the  load,  which  for  most  purposes  is  suffi¬ 
ciently  free  of  ac  components  or  ripple. 

14-17  Half-wave  rectifier  circuits  differ 
from  full-wave  rectifier  circuits.  Both  half¬ 
wave  and  full-wave  rectifier  circuits  find 
wide  use  in  modern  electronic  devices;  each 
kind  has  its  characteristic  advantages.  The 
more  important  of  these  are  listed  at  the 
top  of  p.  343. 


Self  Check 


1.  Why  cannot  a  diode  vacuum  tube  conduct 
electrons  from  plate  to  cathode? 

2.  What  is  the  most  common  application  of 
diode  vacuum  tubes? 

3.  What  happens  to  the  “rejected”  half  of 
the  sine-wave  input  in  a  half-wave  rectifier? 

4.  What  is  meant  by  a  center-tapped  winding 
on  a  transformer? 


Figure  14-11  This  full-wave  rectifier  circuit  is  used  in  conjunction  with  a  filter  network. 
Notice  that  the  circuit  has  been  “stretched  around”  as  compared  with  that  in  Fig.  14-8a. 
Note,  too,  that  a  dual-purpose  diode  has  been  used:  two  plates  operating  from  a  single 
cathode.  This  is  possible  because  the  two  diodes  of  Fig.  14— 8a  have  their  cathodes 
fastened  together. 
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Half-wave  Rectifier  Circuits 

1 .  Require  no  transformer,  Hence  offer  a  sav¬ 
ing  in  weight,  size,  and  cost. 

2.  Operate  from  dc  power  lines  providing  the 
rectifier  is  wired  so  that  the  cathode  is 
connected  to  the  negative  side  of  the  line. 
This  is  useful  in  ac-dc  devices  such  as 
radios  that  can  be  used  with  either  type  of 
current. 


Full-wave  Rectifier  Circuits 

1 .  Presence  of  a  transformer  makes  it  easily 
possible  to  increase  the  potential  difference 
of  the  output,  merely  by  using  a  step-up  or 
step-down  transformer  of  the  proper  turns 
ratio. 

2.  Ripple  frequency  is  twice  as  great  (see  Fig. 
14—7  and  14—8).  As  a  result,  ripple  can 
be  filtered  out  with  a  filter  network  which  is 
cheaper,  lighter,  and  occupies  less  space 
than  the  filter  needed  for  a  half-wave 
rectifier. 


5.  In  a  simple  capacitor  used  as  a  filter  in  a 
half-wave  rectifier,  during  which  part  of 
the  cycle  does  the  capacitor  acquire  its 
energy? 

6.  Why  does  an  inductor  in  a  filter  circuit 
tend  to  reject  ripple? 

7.  Diagram  each  of  the  following  circuits  and 
then  compare  your  diagrams  with  the  ap¬ 
propriate  ones  in  the  text:  half-wave  recti¬ 
fier  circuit;  full-wave  rectifier  circuit  with 
two  diodes;  full-wave  rectifier  circuit  with 
one  diode  having  two  plates;  filter  circuit 
with  capacitors  and  inductor.  Explain  how 
each  one  operates. 


8.  Which  kind  of  rectifier  circuit  should  be 
used  in  an  ac-dc  radio? 


Discussion  Questions 


1 .  Why  cannot  a  full-wave  rectifier  circuit,  as 
shown  in  Fig.  14-8,  be  operated  without  a 
transformer? 

2.  What  are  the  frequencies  of  the  ripple  in  a 
half-wave  and  in  a  full-wave  rectifier  circuit 
when  used  on  a  60-cycle  line? 


Vacuum  Tubes  Can  Amplify  Electric  Signals 


14-18  The  development  of  the  vacuum 
tube  amplifier  was  a  great  achievement. 

In  1883  Thomas  A.  Edison  noticed  that  in 
one  of  his  newly  developed  incandescent 
lamps  a  current  could  exist  between  the 
heated  filament  and  a  separate,  unheated 
electrode,  a  phenomenon  known  as  the 
Edison  effect.  You,  of  course,  would  call 
this  a  diode  and  would  explain  its  action  in 
terms  of  thermionic  emission,  electric  fields, 
and  space  charge.  Edison’s  ideas  about  it 
were  much  more  vague,  for  the  electron 


would  not  be  discovered  for  another  four¬ 
teen  years.  Evidently  he  noted  the  phe¬ 
nomenon  with  care,  figured  out  the  general 
idea  of  what  was  happening,  recognized 
that  the  discovery  needed  further  investiga¬ 
tion,  made  detailed  records  of  the  entire 
observation,  and  then  turned  his  attention 
to  other  developments  in  which  he  was 
engaged  at  the  time. 

The  diode  as  you  know  it  was  developed 
in  1904  by  the  English  engineer  John  A. 
Fleming.  Because  it  permitted  current  in 
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one  direction  but  not  the  other,  it  was  called 
the  “Fleming  valve.”  It  was  not  until  1906 
that  the  American  scientist  Lee  De  Forest 
made  a  profound  improvement  on  the  diode 
by  adding  a  third  electrode  called  the  grid 
(G).  This  was  the  birth  of  the  triode,  a 
vacuum  tube  (or  gas-discharge  tube)  with 
three  electrodes:  a  cathode,  a  plate,  and  a 
grid.  A  triode  can  amplify  a  variation  in 
current  or  in  potential  difference. 


Do  It  Now 


Imagine  that  your  knowledge  of  electricity 
is  no  more  than  that  available  in  1890.  How 
would  you  explain  the  Edison  effect?  How 
would  you  explain  the  operation  of  a  Fleming 
valve?  Could  you  predict  the  function  of  a 
three-electrode  vacuum  tube? 


14-19  The  grid  controls  the  magnitude 
of  tube  current.  The  basic  structure  of  a 
triode  is  shown  in  Fig.  14-12.  The  cathode 
is  the  slender  cylinder  along  the  axis  of  the 
tube,  with  the  heater  inside  it.  The  outer 
cylinder  is  the  plate.  Wound  in  a  spiral 
around  the  cathode  is  the  grid.  As  you  learn 
how  a  triode  functions,  keep  these  facts 
about  the  grid  in  mind: 

1.  The  grid  is  not  connected  directly  to 
either  cathode  or  plate. 

2.  The  grid  is  between  the  cathode  and 
the  plate. 

3.  The  grid  has  only  one  connection. 

4.  The  grid  has  relatively  little  metal  in 
it.  It  is  mostly  space. 

Imagine  the  tube  of  Fig.  14-12  with  the 
plate  positive,  the  cathode  negative,  and 
the  grid  not  connected  to  anything.  Elec¬ 
trons  from  the  heated  cathode  are  stream¬ 
ing  toward  the  plate.  Because  the  grid  is 
mostly  space,  the  electrons  get  through  it 


very  easily.  Next,  the  grid  is  connected  to 
the  negative  side  of  a  battery,  as  shown  in 
Fig.  14—13.  First,  it  is  made  just  slightly 
more  negative  than  the  cathode.  Electrons 
emitted  by  the  cathode  are  slightly  re¬ 
pelled  by  the  grid,  and  fewer  of  them  reach 
the  plate.  As  the  grid  is  made  more  and 
more  negative,  fewer  and  fewer  electrons 
manage  to  get  by  it.  Finally,  if  the  grid 
is  sufficiently  negative,  the  current  through 
the  tube  is  reduced  to  zero. 

If  the  battery  to  which  the  grid  is  con¬ 
nected  is  now  turned  around  so  that  the 
grid  beoomes  slightly  more  positive  than  the 
cathode,  electrons  are  attracted.  A  few  hit 
the  grid  and  create  a  small  current  in  the 
grid  circuit,  but  most  of  them  miss  the 
fine  wire  of  the  grid  and  go  on  to  the  plate. 
The  plate  current  increases.  Thus  you  see 

Figure  14-12  a.  Diagram  of  a  typical  triode, 
showing  the  cathode  (thin  central  cylinder), 
grid  (spiral  wire),  and  plate  (outer  cylinder). 

In  an  actual  tube  all  of  this  is  encased  in 
a  glass  or  metal  envelope.  Note  that  the  grid 
is  much  closer  to  the  cathode  than  the  plate 
is.  Consequently  the  grid  potential  has  more 
influence  on  current  through  the  tube  than 
does  plate  potential,  b.  Symbol  used  for  a 
triode. 


Abbreviations 
K  — cathode 
G  —  grid 
P  — plate 
H  —  heater 

P 
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Figure  14-13  A  circuit  such  as  this  illus¬ 
trates  the  control  that  a  grid  has  over 
tube  current.  Notice  that  a  variable  re¬ 
sistor  permits  grid-to-cathode  potential 
difference  to  be  varied.  As  the  grid 
becomes  more  and  more  negative  with 
respect  to  the  cathode,  current  through 
the  tube  becomes  smaller  and  smaller. 
As  the  grid  becomes  less  negative  than 
the  cathode,  the  tube  current  increases. 
This  relationship  is  shown  graphically  in 
Fig.  14-14. 


milli- 

ammeter 


that  the  magnitude  of  the  potential  differ¬ 
ence  between  the  grid  and  the  cathode  con¬ 
trols  the  current  to  the  plate. 

The  grid  control  of  the  current  through 
the  tube  is  shown  graphically  in  Fig.  14—14. 
Note  that  the  variable  which  controls  the 
magnitude  of  the  current  in  the  tube  is  the 
grid-to-cathode  potential  difference.  Since 
the  current  in  the  tube  is  a  flow  of  electrons 
out  through  the  plate,  this  is  commonly 
called  the  plate  current,  and  abbreviated 
Ip.  The  grid-to-cathode  potential  difference 
is  commonly  called  the  grid  voltage,  and 
abbreviated  Vg.  Thus,  Vg  controls  Ip. 

There  are  thousands  of  kinds  of  multi¬ 


amount  of  current  they  can  handle,  in  their 
normal  operating  potentials,  in  their  sen¬ 
sitivity,  in  their  physical  dimensions,  and 
in  many  other  ways.  Many  have  four  elec¬ 
trodes  (tetrodes),  five  electrodes  (pentodes), 
or  even  more.  Some  have  two  or  even  three 
separate  sets  of  electrodes  in  the  same 
evacuated  enclosure. 


Do  It  Now 


Use  the  technique  described  on  p.  336  to 
remove  the  electrodes  from  a  triode.  Can  you 
find  all  the  parts?  How  does  the  structure  of 


electrode  vacuum  tubes.  They  vary 

in  the 

the  tube  compare  with  that  in  Fig.  14-12? 

Figure  14-14  This  curve  represents 
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14-20  Sound  can  be  converted  to  elec¬ 
tric  energy  and  vice  versa.  Although  you 
may  speak  of  amplifiers  as  amplifying  sound 
or  making  sounds  louder,  they  actually  do 
no  such  thing.  The  inputs  and  outputs  of 
vacuum  tubes  and  amplifier  circuits  are 
strictly  electric.  How  then  can  amplifiers 
be  used  with  the  sound  of  hi-fi  and  magnetic 
tape,  with  the  light  of  a  TV  picture,  with 
bits  of  information  as  in  computers  and 
automation  circuits,  with  radar  and  satellite 
research? 

The  answer  is  that  any  form  of  energy  — 
sound,  light,  the  movement  of  a  car  along 
an  assembly  line,  or  the  signals  from  an 
orbiting  satellite  —  must  be  converted  to 
electric  energy  before  it  can  be  handled  by 
electronic  devices.  A  microphone  takes  in¬ 
coming  sound  energy  and  translates  the 
variations  into  a  varying  potential  differ¬ 
ence  having  the  same  frequency.  A  photo¬ 
electric  cell  absorbs  incoming  light  energy, 
which  produces  a  tiny  electric  current  that 
fluctuates  as  the  light  becomes  brighter 
or  dimmer. 

In  an  electronic  device  the  pattern  of 
energy  variations  is  called  a  signal-  If  the 
signal  is  not  already  electric,  it  is  con¬ 
verted  into  that  form,  then  controlled  by 
electronic  circuits,  and  often  finally  con¬ 
verted  back  into  some  other  form,  such  as 
sound  and  light  in  TV  reception.  The  out¬ 
put  of  the  electronic  device  is  also  called  a 
signal. 

Almost  without  exception,  signals  in  elec¬ 
tronics  are  ac  phenomena.  Even  a  simple 
turning  off  and  on  of  a  switch  represents  a 
change  in  current  and  potential  difference. 
Many  of  the  signals  are  nonsinusoidal,  and 
many  consist  of  an  ac  signal  superimposed 
on  dc,  as  discussed  on  p.  341.  It  is  with 
these  electric  changes  that  communications 
electronics  is  concerned.  Through  elec¬ 
tronics  these  signals  are  detected,  measured, 
amplified,  stored,  or  used  to  control  some¬ 
thing  else. 


Do  It  Now 


How  many  different  kinds  of  signals  can  you 
think  of,  not  mentioned  in  the  text,  that  are 
amplified  or  controlled  by  electronic  circuits? 

14-21  An  input  signal  controls  an  out¬ 
put  signal  of  greater  magnitude.  Consider 
the  operation  of  a  record  player.  The 
grooves  in  a  record  are  wiggly  lines.  When 
the  record  turns  with  the  needle  in  a  groove, 
the  needle  is  forced  to  wiggle  back  and 
forth.  At  the  other  end  of  the  needle  can 
be  a  coil  of  wire  placed  in  the  field  of  a 
magnet.  As  the  coil  wiggles,  a  fluctuating 
emf  is  induced,  having  the  same  pattern  as 
do  the  wiggles  in  the  record  groove.  A 
phonograph  pickup  thus  converts  the  me¬ 
chanical  energy  of  vibration  of  the  needle 
into  electric  energy.  If  you  were  to  connect 
earphones  directly  to  the  phonograph 
pickup,  you  would  hear  a  very  faint  sound, 
as  the  fluctuating  electric  current  causes  the 
diaphragm  in  the  earphones  to  vibrate. 

If  you  wish  to  have  a  louder  sound,  you 
must  add  an  amplifier,  as  shown  in  Fig.  14— 
15.  Here  the  signal  from  the  phonograph 
pickup  is  the  input  and  the  sound  you  hear 
in  the  earphones  is  the  output.  The  input 
is  connected  to  the  grid.  Notice  that  the 
other  terminal  of  the  pickup  is  connected 
indirectly  to  the  cathode.  As  a  result,  the 
generated  emf  of  the  pickup  is  actually  a 
grid-to-cathode  potential  difference,  which 
varies  with  the  input.  As  this  grid-to- 
cathode  potential  difference  fluctuates,  it 
produces  a  corresponding  fluctuation  in  the 
electron  flow  from  cathode  to  plate.  The 
operation  of  the  tube  is  such  that  a  small 
signal  at  the  input  can  control  a  large  signal 
at  the  output.  Hence,  the  circuit  amplifies 
the  signal. 

In  most  cases,  you  want  the  output  signal 
of  an  amplifier  circuit  to  be  exactly  like  the 
input  signal  —  only  larger,  of  course.  That 
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Figure  14—15  A  simple  one-tube  amplifier, 
using  the  tube  of  Fig.  14-14.  So  that  the 
signal  will  be  free  of  distortion,  the  grid 
must,  on  the  average,  be  8  V  more  negative 
than  the  cathode.  The  8-V  battery  provides 
the  necessary  grid  bias. 


is,  you  want  amplification,  but  you  do  not 
want  distortion.  You  can  see  what  the 
circuit  requirements  are  with  the  help  of 
Fig.  14—14.  Not  all  the  curve  in  the  graph 
can  be  used.  Any  part  which  -is  seriously 
curved,  like  that  at  the  extreme  left,  will 
produce  distortion.  Furthermore,  in  most 
circuits,  the  grid  should  never  be  permitted 
to  become  more  positive  than  the  cathode. 
If  it  does,  the  grid  acts  like  a  plate  and 
draws  electrons  from  the  cathode,  thus  up¬ 
setting  the  tube’s  operation.  In  Fig.  14—14, 
then,  you  can  operate  only  between  points 
C  and  A  if  you  wish  distortion-free  am¬ 
plification  of  the  signal. 

The  way  to  operate  in  the  region  from  C 
to  A  is  to  design  the  circuit  so  that  when 
there  is  no  signal,  present  at  all,  the  grid  is 
8  volts  negative  with  respect  to  the  cathode. 
This  is  point  B  on  the  graph  of  Fig.  14— 
14  —  just  halfway  between  A  and  C.  Now 
you  can  put  a  signal  on  the  grid  that  fluctu¬ 
ates  between  zero  volts  at  its  upper  extreme 
and  —16  volts  at  its  lower  extreme.  This 


kind  of  measure  of  fluctuation,  from  one 
extreme,  or  “peak,”  to  another  is  called  the 

peak-to-peak  value 

14-22  Proper  grid  bias  can  be  pro¬ 
vided  through  suitable  circuit  design'.  In 

the  discussion  above,  you  found  that  for  the 
particular  tube  graphed  in  Fig.  14—14,  it 
is  necessary  to  arrange  the  circuit  so  that 
when  there  is  no  signal  present,  the  grid  is 
8  volts  negative  with  respect  to  the  cathode. 
For  other  kinds  of  tubes,  the  magnitude  of 
this  grid-to-cathode  voltage  is  different,  of 
course.  But  the  grid  voltage  at  point  B, 
whatever  it  is,  is  known  as  grid  bias.  One 
way  to  provide  proper  grid  bias  for  a 
one-tube  amplifier  would  be  to  use  an  8- 
volt  battery  as  shown  in  Fig.  14—15.  How¬ 
ever,  proper  bias  can  be  provided  without 
the  use  of  a  battery  of  electric  cells.  A 
superior  method  of  doing  this  is  the  one  in 
Fig.  14-16.  The  key  component  in  this  cir¬ 
cuit  is  the  resistor  in  the  cathode  circuit. 
Its  resistance  is  such  that  the  average  tube 


Figure  14—16  This  amplifier  circuit  is  just 
like  that  of  Fig.  14-15  except  that  the 
grid  bias  is  provided  by  the  1R  drop  in 
the  resistor  in  the  cathode  circuit  instead 
of  by  a  battery. 
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current  in  it  sets  up  an  1R  drop  of  8  volts 
(V  =  IR  according  to  Ohm’s  law).  Fur¬ 
thermore,  the  direction  of  electron  flow  is 
such  as  to  make  the  top  of  this  cathode  re¬ 
sistor  positive  with  respect  to  the  bottom. 
Hence  the  cathode  of  the  tube  has  an  aver¬ 
age  potential  of  +8  volts  with  respect  to 
the  line  at  the  bottom  of  the  circuit. 

Now  notice  that  one  terminal  of  the 
pickup  is  connected  to  the  grid  and  the 
other  to  the  bottom  of  the  cathode  resistor. 
This  means  that  when  there  is  no  signal, 
the  grid  is  at  zero  potential.  Therefore, 
the  cathode  is  8  volts  more  positive  than 
the  grid,  which  is  another  way  of  saying 
that  the  zero-signal  grid-to-cathode  poten¬ 
tial  is  —8  volts.  This  meets  all  the  condi¬ 
tions  necessary  for  proper  tube  bias.  This 
is  known  as  cathode-resistor  bias  and  is  by 
far  the  most  common  bias  circuit  in  use 
today. 

14-23  Amplification  is  consistent  with 
the  conservation  of  energy.  Many  students 
are  confused  by  the  idea  of  electronic  am¬ 
plification.  How  can  you  make  big  signals 
from  little  ones,  how  can  you  “get  some¬ 
thing  for  nothing?”  You  cannot,  and  you  do 
not. 

The  fact  is  that  vacuum  tubes  and  tran¬ 
sistors  are  control  devices.  A  rough  analogy 
is  the  light  switch  on  the  wall.  You  use 
perhaps  a  watt  of  power  to  flip  the  switch; 
the  lights  go  on.  The  lights  may  represent 
from  a  few  watts  to  thousands  of  watts. 
Has  all  this  power  been  transformed  from 
the  effort  of  your  finger?  Of  course  not. 
Your  finger  has  merely  controlled  energy 
from  another  source,  in  this  case  the  elec¬ 
tric  power  company. 

Similarly,  a  little  power  expended  as  your 
foot  pushes  down  on  the  accelerator  of  a 
car  controls  scores  of  horsepower  from  the 
engine.  In  electronics,  a  little  energy  at 
the  input  —  the  grid  circuit  —  can  control 
a  much  larger  supply  of  energy  at  the  out¬ 
put  —  the  plate  circuit. 


14-24  One  amplifier  stage  can  feed 
another.  A  single  vacuum  tube  and  its  as¬ 
sociated  amplifier  circuit  is  known  as  a 
stage  of  amplification.  Since  the  output  of 
a  vacuum  tube  is  an  electric  signal,  it  can 
be  used  as  the  input  signal  for  another  stage 
of  amplification.  There  are  many  kinds  of 
circuit  used  to  connect,  or  couple,  the  out¬ 
put  of  one  amplifier  stage  to  the  input  of 
the  next  stage. 

An  amplifier’s  ability  to  amplify  signals  is 
commonly  called  its  gain.  Gain  of  an  am¬ 
plifier  is  the  ratio  of  output  to  input  signal, 
both  expressed  in  the  same  units.  For 
example,  if  a  stage  of  amplification  has  an 
input  signal  of  2  volts  and  produces  at  its 
output  (or  at  the  input  to  the  following 
stage,  if  there  is  one)  a  signal  of  24  volts, 
the  gain  is  24  volts/2  volts  =  12.  When  two 
or  more  stages  of  gain  are  coupled  one  to 
the  next,  the  total  gain  is  the  product  of  the 
individual  gains. 


Self  Check 


1 .  Who  developed  the  first  useful  diode?  The 
first  useful  triode? 

2.  Why  is  the  control  grid  of  a  vacuum  tube 
mostly  space? 

3.  What  changes  in  the  grid  circuit  of  a  triode 
produce  corresponding  changes  in  plate 
current? 

4.  Why  is  it  desirable  for  the  grid  to  be  nega¬ 
tive  compared  with  the  cathode? 

5.  Explain  the  statement:  Audio  amplifiers  do 
not  amplify  sound. 

6.  Why  is  amplification  by  a  vacuum  tube  not 
a  violation  of  the  law  of  conservation  of 
energy? 


Problems 


1 .  The  following  data  are  taken  from 
the  straight-line  part  of  the  input-output  graph 
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of  an  amplifier  tube.  The  tube  draws  12 
milliamperes  plate  current  when  the  grid  is 
4  V  more  negative  than  the  cathode.  When 
the  grid  potential  with  respect  to  the  cathode 
is  —6  V,  plate  current  is  9  milliamperes.  What 
is  the  plate  current  when  grid  potential  is 
—  10  V  with  respect  to  the  cathode? 

2.  A  signal  with  a  fluctuation  of  1.6  V 
at  the  input  of  one  stage  of  a  certain  vacuum 
tube  amplifier  produces  a  signal  with  a  fluc¬ 
tuation  of  24  V  at  the  output  of  that  stage. 
What  is  the  gain  of  the  stage?  What  is  the 
gain  of  a  three-stage  amplifier  consisting  of 
three  such  stages  connected  to  each  other,  one 
after  the  other? 


Discussion  Questions 


1 .  Why  is  the  grid  of  a  triode  placed  so  much 
closer  to  the  cathode  than  is  the  plate? 

2.  Why  does  not  the  grid  of  a  vacuum  tube 
ordinarily  draw  a  substantial  current  of 
electrons? 


Chapter 

Summary 


At  low  pressure  and  in  reasonably  high  elec¬ 
tric  fields,  gases  ionize  into  positive  and  nega¬ 
tive  ions.  The  negative  ions  are  electrons,  and 
the  positive  ions  are  atoms  with  some  elec¬ 
trons  removed.  These  charged  ions  move  be¬ 
cause  they  are  in  an  electric  field;  they  consti¬ 
tute  a  current  in  a  gas.  As  electrons  strike 
atoms  in  their  path,  they  dislodge  orbiting  elec¬ 
trons  of  those  atoms  into  larger,  higher-energy 
orbits.  When  the  orbiting  electrons  return  to 
their  usual  orbit,  they  give  off  the  energy  they 
gained  in  the  larger  orbit  in  the  form  of  visible 
light  or  invisible  radiations.  Fluorescent  lamps 
are  gas-discharge  tubes  in  which  most  of  the 
energy  released  by  the  gas  is  invisible  radia¬ 
tion.  This  strikes  special  chemicals,  or  phos- 
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phors,  on  the  inside  of  the  tube  and  excites 
them  to  give  off  visible  light. 

Hot  metals  emit  free  electrons.  This  therm¬ 
ionic  emission  can  be  enhanced  with  higher 
temperatures  and  by  proper  selection  of  emit¬ 
ting  material.  To  get  continuous  emission,  the 
emitted  electrons  must  be  replaced,  and  they 
must  be  removed  from  the  vicinity  of  the 
emitter.  When  these  requirements  have  been 
met,  a  current  of  electrons  exists  in  a  vacuum 
tube.  A  cathode  may  be  heated  by  a  nearby 
but  separate  heater;  the  cathode  may  itself  be 
a  heated  filament. 

Thermionic  diodes  conduct  electrons  in  one 
direction  only,  from  the  hot,  relatively  negative 
cathode  toward  the  cool,  relatively  positive 
anode,  or  plate.  The  principal  use  of  diodes  is 
in  rectifier  circuits.  When  ac  is  rectified  to  dc, 
there  remains  some  ripple  in  the  output.  This 
can  be  removed  by  means  of  filter  networks 
made  up  of  inductors  and  capacitors.  The  be¬ 
havior  of  these  networks  can  be  understood  by 
considering  a  fluctuating  direct  current  to  be 
composed  of  an  ac  and  a  dc  component. 

Triodes  have  a  third  electrode  —  a  control 
grid  —  between  the  cathode  and  the  plate. 
Variations  in  the  potential  difference  between 
grid  and  cathode  produce  corresponding  varia¬ 
tions  in  the  plate  current  of  the  tube.  The 
triode  is  thus  a  control  device.  Triodes  are 
purely  electronic  devices;  they  handle  only 
electric  signals.  Hence,  signals  which  repre¬ 
sent  sound  or  light  or  other  energy  forms  must 
be  converted  to  electric  signals  before  they  can 
be  handled  by  triodes.  Since  a  small  signal 
at  the  input  of  a  triode  can  control  a  larger 
signal  at  the  output,  the  tube  and  its  associated 
circuit  is  capable  of  amplification.  Amplifier 
circuits  must  be  designed  so  that  the  tube 
operates  only  over  the  desired  portion  of  its 
total  range.  One  aspect  of  proper  circuit  de¬ 
sign  is  to  provide  proper  tube  bias  so  that  the 
potential  on  the  grid  never  goes  more  positive 
than  the  cathode,  nor  more  negative  than  a 
point  at  which  no  electrons  will  flow.  The 
gain  of  an  amplifier,  or  of  a  stage  of  amplifica¬ 
tion,  is  the  ratio  of  its  output  to  its  input,  both 
expressed  in  the  same  units.  Stages  of  ampli¬ 
fication  can  be  connected  to  one  another.  The 
gain  of  a  multistage  amplifier  is  equal  to  the 
product  of  the  gains  of  its  successive  stages  of 
amplifications. 
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Vocabulary- 

electrode  ( p .  332 ) 
fluorescent  lamp 
(p. 334) 

fluoresce  (p.  334) 
phosphor  ( p .  334) 
vacuum  tube  (p.  335) 
thermionic  emission 
(p. 335) 

work-function  (p.  335) 
cathode:  directly 
heated,  filament 
type;  indirectly 
heated  (p.  336) 
space  charge  (p.336) 
anode,  plate  ( p .  336) 
diode  (p.  338) 
thermionic  diode 
(p.338) 

rectification  (p.339) 


half-wave  rectifier 
(p.339) 

full- wave  rectifier 
(p.339) 

filter  circuit  (p.  340) 
ripple  (p.  341 ) 

Edison  effect  (p.  343) 
grid  (p.  344) 
triode  (p.  344) 
plate  current  (p.  345) 
signal  (p.  346) 
input,  output  signal 
(p. 346) 
amplification, 

amplifier  (p.  346) 
peak-to-peak  value 
(p. 347) 

grid  bias  (p.  347) 
gain  (p.  348) 


Discussion  Questions 


1.  Why  must  a  gas  be  ionized  before  it  can 
conduct  current? 

2.  Considerable  research  has  been  carried  out 
to  find  phosphors  which  will  continue  to 
fluoresce  for  at  least  a  short  time  after  their 
exposure  to  ultraviolet  light  ceases.  Of  what 
advantage  would  this  be  in  fluorescent 
lamps? 

3.  Many  other  metals  have  lower  work-func¬ 
tions  than  does  tungsten.  Why  cannot  these 
also  be  used  as  emitting  filaments? 

4.  The  tube  in  Fig.  14-11  contains  three  elec¬ 
trodes.  Why,  then,  is  it  possible  to  call  it  a 
diode? 


5.  Why  is  it  not  customary  to  speak  of  the 
input  to  a  vacuum  tube  amplifier  circuit  as 
a  signal  current? 


Work  on  Your  Own 

Many  students  like  to  build  radio  receivers 
or  other  electronic  devices.  For  their  benefit, 
here  is  a  list  of  reference  material. 

American  Radio  Relay  League,  Radio  Ama¬ 
teur’s  License  Manual,  American  Radio  Relay 
League,  Inc.,  West  Hartford  7,  Conn.,  1961. 

Buban,  P.,  and  Schmitt,  M.  L.,  Understand¬ 
ing  Electricity  and  Electronics,  McGraw-Hill 
Book  Company,  Inc.,  1961. 

Buckwalter,  Len,  Electronic  Games  and  Toys 
You  Can  Build,  Bobbs-Merrill  Co.,  Inc.,  1961. 

Frye,  John  T.,  Basic  Radio  Course,  Gems- 
back  Library  Inc.,  154  W.  14th  Street,  New 
York  11,  1962. 

Hertzberg,  Robert,  So  You  Want  to  be  a 
Ham,  Bobbs-Merrill  Co.,  1960. 

Kennedy,  Thomas,  Jr.,  Fun  With  Electricity, 
Gernsback  Library,  Inc.,  154  W.  14th  Street, 
New  York  11,  1961. 

Morgan,  Alfred,  The  Boys  First  Book  of  Ra¬ 
dio  and  Electronics,  Charles  Scribner’s  Sons, 
1954. 

Morgan,  Alfred,  The  Boys  Second  Book  of 
Radio  and  Electronics,  Charles  Scribner’s  Sons, 
1957. 

Radio  Corporation  of  America,  Receiving 
Tube  Manual,  RCA  Electron  Tube  Division, 
Harrison,  New  Jersey. 

Schwartz,  Martin,  Radio  Electronics  Made 
Simple,  American  Electronics  Co.,  178  Her¬ 
ricks  Road,  Mineola,  L.  I.,  New  York,  1956. 

Stanley,  Jay  A.,  Electronics  for  the  Beginner, 
Bobbs-Merrill  Co.,  Inc.,  1960. 

Turner,  Rufus  P.,  Electronic  Hobbyists’ 
Handbook,  Gernsback  Library,  Inc.,  154  West 
14th  Street,  New  York  11,  New  York,  1958. 
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. Lee  De  r  orest  •  1873-1961 


More  than  any  other  scientist,  the  American  inventor  Lee  De  Forest  was 
responsible  for  the  basic  developments  which  underlie  the  science  and  tech¬ 
nology  of  modern  vacuum  tubes.  In  1883  Edison  showed  that  an  electric 
current  (now  called  the  Edison  effect)  could  exist  between  a  heated  filament 
and  a  metal  plate,  both  enclosed  in  a  vacuum.  In  1904  the  English  physicist 
John  Flemming  found  that  such  a  two-electrode  vacuum  tube  (diode)  could 
detect  wireless  signals.  When  De  Forest  finished  his  doctoral  degree  at  Yale, 
specializing  in  radio  waves,  he  resolved  to  excel  in  the  new  field-  of  wireless 
communications.  To  the  basic  diode  vacuum  tube  De  Forest  added  a  third 
electrode,  which  could  control  the  magnitude  of  current  between  the  other  two. 
This  control  electrode  eventually  took  the  form  of  a  zig-zag  grid  of  wire  be¬ 
tween  the  hot  filament  and  the  cool,  metal  electrode. 

De  Forest’s  basic  three-electrode  vacuum  tube  —  the  triode  —  was  patented 
in  1906.  The  following  year  he  patented  the  use  of  a  triode  in  an  amplifier 
circuit.  Five  years  later  he  showed  that  the  tube  could  also  operate  as  an 
electronic  oscillator  to  produce  high-frequency  alternating  currents. 

De  Forest  sought  to  develop  a  business  enterprise  on  the  basis  of  his  vacuum 
tube  developments,  but  he  was  less  successful  as  a  business  organizer  than 
as  a  pioneer  in  electronics.  In  the  early  years  the  usefulness  of  his  triode  was 
severely  ridiculed.  In  1913  he  tried  to  sell  stock  in  a  long-range  communica¬ 
tion  system  which  used  the  triode,  and  he  was  actually  brought  to  trial  for 
fraudulent  use  of  the  mails.  The  prosecution  argued  (unsuccessfully)  that  the 
triode  was  a  fake  and  would  not  really  work. 

Yet  two  years  later  the  triode  was  successfully 
used  for  radiotelephone  communication  be¬ 
tween  Virginia  and  Paris  and  between  Virginia 
and  Honolulu.  Eventually  the  American  Tele¬ 
phone  and  Telegraph  Company  purchased  the 
patent  rights  to  many  of  De  Forest’s  inventions. 

Between  1902  and  1952  De  Forest  took  out 
more  than  300  patents,  including  some  related 
to  sound-on-film  motion  pictures,  radioteleph¬ 
ony,  photoelectric  cells,  and  color  television. 
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Official  U.S.  Navy  Photograph 


Radio  telescopes  are  used  to  detect  radio  waves  from  celestial  bodies  and  from  man-made 
space  vehicles.  The  parabolic  reflector,  here  84  feet  in  diameter,  focuses  the  incoming  waves 
on  the  instruments  in  the  small  cylinder  in  the  center. 


Most  people  take  modern  electronics  communication  for  granted  — they  also 
take  it  for  granted  that  electronics  communication  consists  of  only  radio  and 
television.  But  what  about  these  situations? 

A  jazz  enthusiast  plays  a  favorite  selection  on  a  record  player  or  on  a 
tape  recorder. 

An  airplane  pilot  uses  his  electronic  navigational  equipment  to  determine 
his  exact  location  on  a  foggy  night. 

A  small  boy  flies  a  model  airplane  by  radio  remote  control. 

An  unmanned  satellite  automatically  sends  back  scientific  data  concerning 
radiation  in  space. 

A  radar  installation  at  a  remote  defense  outpost  scans  the  sky  for  unseen 
objects,  friendly  or  otherwise. 

These,  too,  are  examples  of  communication  through  electronics. 

In  this  chapter  you  will  learn  something  about  radio  and  television,  about 
antennas  and  radio  waves,  about  amplifiers,  and  about  telemetering.  You 
will  not  learn  all  the  details  about  these  systems,  nor  how  to  design  or  repair 
them.  Rather,  you  will  begin  to  understand  the  basic  fundamentals  of  com¬ 
munications  electronics,  and  you  will  also  reinforce  your  understanding  of 
physics  in  general. 


Transducers 


1 5—1  A  transducer  converts  energy. 

Although  you  commonly  refer  to  a  hi-fi 
amplifier  as  amplifying  sound,  in  reality  it 
uses  a  small  electric  signal  to  produce  a 
larger  electric  signal.  These  input  and  out¬ 
put  signals  are  patterns  of  changes  in  elec¬ 
tric  current,  potential  difference,  magnetic 
field,  and  the  like.  This  is  true  in  the  tele¬ 
phone,  in  radio,  and  in  the  audio  signal  of 


TV,  and  in  sound  recorded  on  disc,  mag¬ 
netic  tape,  or  on  film,  as  in  sound  motion 
pictures. 

When  a  sound  signal  is  changed  to  an 
electric  signal,  there  is,  of  course,  a  change 
from  one  energy  form  to  another,  but  this  is 
not  all.  A  signal  is  a  pattern  of  variations 
of  something  —  movement,  magnetism, 
brilliance  of  light,  current,  or  potential  dif- 
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ference,  for  example.  As  the  energy  change 
occurs,  the  pattern  of  variations  must  be 
preserved;  otherwise  distortion  results.  If 
the  pattern  of  variations  remains  the  same, 
you  say  the  signal  is  the  same,  regardless  of 
whether  the  pattern  is  in  electric  current, 
magnetism,  sound,  or  some  other  form. 

In  electronics  the  devices  that  serve  to 
convert  signals  from  one  form  of  energy  to 
another  are  called  transducers-  There  are 
many  kinds  of  these  devices;  you  are  al¬ 
ready  familiar  with  several  of  them. 

15-2  Phonograph  pickups  and  micro¬ 
phones  are  often  magnetic  transducers. 

Phonograph  pickups  are  transducers.  One 
kind  of  phonograph  pickup  in  common  use 
is  really  a  small  electric  generator.  The 
needle  vibrates  in  the  record  grooves  and 
causes  parts  of  the  pickup  mechanism  to 
move  in  a  magnetic  field,  generating  a  sig¬ 
nal  emf  whose  pattern  corresponds  to  the 
recorded  sound. 

The  microphone  in  Fig.  15-1  is  repre¬ 
sentative  of  magnetic  transducers.  A  minia¬ 
ture  coil  of  wire  is  fastened  to  a  lightweight 
and  very  flexible  diaphragm.  When  sound 
waves  strike  the  diaphragm,  they  set  it  in 
motion,  and  the  coil  vibrates  back  and  forth 
in  the  magnetic  field,  generating  an  emf. 

Fig  ure  15—1  This  microphone  is  a  magnetic 
transducer  that  converts  a  sound  signal  to  an 
electric  signal.  Sound  entering  through  the 
perforated  cover  causes  the  coil  in  the  micro¬ 
phone  to  vibrate  across  a  magnetic  field, 
thus  generating  an  emf. 


15-3  Speakers  operate  on  the  motor 
effect.  The  earpiece  of  a  telephone  is  a 
familiar  example  of  an  electric-energy-to- 
sound  transducer.  Household  radios,  TV 
sets,  and  record  players  use  loud-speakers. 
This  term  is  a  hold-over  from  the  early  days 
of  radio  when  loud-speakers  were  intro¬ 
duced  to  replace  the  older  earphones,  which 
were  really  “soft  speakers.”  Loud-speakers 
are  now  called  simply  speakers. 

The  dynamic  speaker  is  the  most  com¬ 
mon  type  used  today.  It  is  really  a  special 
kind  of  electric  motor.  The  coil  consists  of 
a  few  dozen  turns  of  copper  or  aluminum 
wire  wound  around  a  hollow  cylinder  and 
free  to  move  back  and  forth  in  an  intense 
magnetic  field,  usually  provided  by  a  per¬ 
manent  magnet  or  by  an  electromagnet.  As 
current  fluctuates  in  this  “voice  coil,”  the 
coil  responds  to  the  motor  effect  and  moves 
back  and  forth  in  accordance  with  the  sig¬ 
nal.  A  paper  cone  several  inches  in  diam¬ 
eter  is  fastened  to  the  voice  coil  cylinder. 
It  moves  as  the  voice  coil  moves,  and  since 
its  vibrations  set  air  molecules  in  motion, 
it  increases  the  intensity  of  the  sound  pro¬ 
duced  (Fig.  15-2). 

Figure  15-2  A  dynamic  speaker  operates  on 
the  same  principle  as  an  electric  motor. 
When  an  alternating  signal  current  exists  in 
the  coil  of  wire,  the  coil  vibrates  in  the  mag¬ 
netic  field  of  the  permanent  magnet.  The 
paper  cone  is  thus  forced  to  vibrate,  pro¬ 
ducing  a  sound. 

voice  y/T 

coil  x  l 
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diaphragm 


cable  to  amplifier 


Fig  ure  15—3  In  a  simple,  crystal  microphone 
sound  vibrations  make  the  diaphragm  vibrate. 
The  vibrations  in  turn  make  the  double  piezo- 
electric-crystal  slab  bend  slightly,  producing 
a  varying  emf  with  the  same  frequency  and 
wave  form  as  the  sound. 


15-4  Some  transducers  are  not  mag¬ 
netic.  Although  magnetic  microphones  and 
phonograph  pickups  are  common  and  reli¬ 
able,  they  are  not  the  only  kinds  of  trans¬ 
ducers  in  use  in  modern  audio  circuits.  One 
very  popular  transducer  utilizes  the  piezo¬ 
electric  effect  by  which  certain  crystals  and 
certain  ceramic  (glass  or  porcelain-like) 
materials,  when  bent  or  twisted,  generate 
a  small  but  definite  emf.  Such  a  crystal  can 
be  incorporated  in  a  microphone  or  phono¬ 
graph  pickup  (Fig.  15-3);  these  are  re¬ 
ferred  to  as  crystal  microphones,  or  crystal 
pickups. 

The  piezoelectric  effect  can  also  be  used 
in  an  electricity-to-sound  transducer.  An 
electric  signal,  applied  to  a  suitable  crystal, 
causes  the  crystal  to  vibrate,  producing  a 
corresponding  sound  signal.  Crystal  ear¬ 
phones  are  fairly  common  in  electronics 
work. 


15-5  Some  transducers  involve  energy 
forms  other  than  sound.  While  sound  is  the 
most  common  signal  for  electronics  com¬ 
munication  devices,  it  is  not  the  only  one. 
In  television  and  in  wirephoto  systems  a 
picture  exists  as  a  pattern  of  bright  and 
dim  light.  A  transducer  converts  this  bril¬ 


liance  pattern  into  an  electric  pattern, 
usually  called  a  video  signal.  In  this  form 
it  is  amplified  and  controlled,  broadcast 
and  received,  and  amplified  some  more. 
Finally  another  transducer  —  the  TV  pic¬ 
ture  tube  —  converts  it  again  to  a  pattern  of 
light  intensity. 

Temperature-sensitive  resistors  can  trans¬ 
duce  temperature  readings  to  electric  sig¬ 
nals  so  they  can  be  communicated  from  the 
blast  furnace  to  the  control  room,  or  from 
an  artificial  satellite  to  the  earth. 

A  G-M  counter  is  a  transducer  which 
converts  the  impulse  of  radiation  to  an  elec¬ 
tric  signal. 

Radio  transmitters  transduce  electric  sig¬ 
nals  into  corresponding  radio  waves,  and 
receiving  antennas  transduce  them  back  to 
electric  signals.  Without  transducers,  radio 
communication  would  be  impossible. 


Self  Check 


1 .  What  is  a  transducer? 

2.  In  what  form  is  the  signal  on  a  phonograph 
record? 

3.  Describe  the  operation  of  a  dynamic 
speaker. 


Discussion  Questions 


1 .  The  electric  signal  delivered  by  a  phono¬ 
graph  pickup  to  an  amplifier  contains  a 
small  but  distinct  quantity  of  energy.  What 
is  the  source  of  this  energy? 

2.  In  the  magnet  of  the  dynamic  speaker  in 
Fig.  15-2,  the  solid  cylinder  inside  the  mov¬ 
ing  coil  may  be  considered  to  be  one  pole. 
Where  is  the  other  pole? 

3.  Piezoelectric  phonograph  pickups  are  free 
of  one  of  the  serious  problems  possessed  by 
magnetic-type  pickups.  The  latter  must  be 
well  shielded  from  the  electric  motors  which 
drive  the  turntable.  Why  is  this  unneces¬ 
sary  with  piezoelectric  pickups? 
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15-6  Vibrating  electric  charges  pro¬ 
duce  changing  electric  and  magnetic  fields. 

You  know  that  radio  and  TV  signals  travel 
through  space  without  the  aid  of  tubes, 
wires,  or  even  air.  To  understand  radio 
communication,  you  need  to  know  some¬ 
thing  about  the  radio  waves  which  carry 
the  signals.  You  may  remember  that  radio 
waves  are  one  kind  of  electromagnetic 
wave.  Radio  waves  are  produced  by  vi¬ 
brating  electric  charges.  As  you  know,  an 
electric  charge  is  surrounded  by  an  electric 
field.  If  the  charge  moves,  the  field  moves; 
if  the  charge  vibrates,  the  field  vibrates.  In 
addition,  a  moving  charge  produces  a  mag¬ 
netic  field,  and  the  direction  of  the  field 
depends  on  the  direction  of  motion  of  the 
charge.  Hence  a  vibrating  charge  produces 
a  vibrating  magnetic  field.  To  sum  it  up,  a 
vibrating  electric  charge  produces  simul¬ 
taneously  vibrating  electric  and  magnetic 
fields. 


15-7  Electromagnetic  waves  are  radi¬ 
ated  through  space.  Figure  l5-4a  shows 
what  happens  in  a  radio  antenna  of  the 
kind  used  by  broadcasting  stations.  In  the 
antenna,  electrons  oscillate  back  and  forth, 
so  that  the  upper  end  of  the  antenna  is  first 
negative  and  then  positive.  At  the  instant 
shown  in  the  diagram,  the  upper  end  is 
negative  making  the  lower  end  relatively 
positive.  As  a  consequence,  an  electric  field 
surrounds  the  antenna.  The  shape  of  the 
field  is  something  like  the  ribs  of  a  huge 
umbrella.  At  the  same  time  there  is  a  mag¬ 
netic  field  around  the  antenna,  because 
electrons  are  moving  downward.  The  mag¬ 
netic  field  takes  the  form  of  horizontal  cir¬ 
cles  around  the  antenna.  The  important 
thing  to  note  here  is  that  at  any  point  the 
two  fields  are  at  right  angles  to  each  other. 

As  electrons  surge  first  upward  and  then 
downward  in  the  antenna,  the  electric  field 
and  the  magnetic  field  both  change  in  mag- 


Figure  15—4  a.  This  broadcasting  antenna  receives  high- 
frequency  electric  power  from  the  conductors  extending 
to  the  left.  A  surge  of  electrons  has  just  reached  the 
upper  end  of  the  antenna  and  is  now  starting  to  come 
back  down.  Notice  that  the  electric  field  (in  red)  is 
perpendicular  to  the  magnetic  field  (in  black),  b.  As  the 
fields  change,  the  fluctuations  travel  out  as  a  wave 
moving  at  right  angles  to  both  fields. 


a 


b 
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nitude  and  direction,  but  remain  at  right 
angles  to  each  other.  Theoretically  both 
fields  extend  infinitely  far  in  all  directions. 
However,  when  the  fields  change,  they  do 
not  change  everywhere  at  the  same  time. 
Instead,  the  changes  travel  out  from  the 
antenna,  much  as  ripples  travel  out  from 
the  place  where  a  stone  drops  into  a  pond. 
The  traveling  changes  in  the  fields  are 
called  an  electromagnetic  wave.  The  wave 
travels  at  right  angles  to  both  fields,  as 
shown  in  Fig.  15— 4b.  The  speed  with 
which  the  wave  travels  in  a  vacuum  is 
1.86  X  105  mi/sec,  or  3.00  X  108  m/sec.  The 
speed  in  air  is  very  slightly  less. 

15-8  Electromagnetic  waves  induce  an 
emf  in  a  conductor.  When  an  electromag¬ 
netic  wave  strikes  a  conductor  such  as  a 
receiving  antenna,  a  varying  magnetic  field 
moves  past  the  conductor.  This  is  a  situa¬ 
tion  much  like  that  in  an  electric  generator. 
Hence  you  should  not  be  surprised  to  learn 
that  the  electromagnetic  wave  induces  an 
emf  in  the  conductor.  At  the  same  time, 
the  electric  component  of  the  wave  consti¬ 
tutes  an  alternating  electric  field  in  the  re¬ 
gion  of  the  conductor.  This  field  also  tends 
to  make  electrons  in  the  conductor  move. 
Consequently,  both  the  magnetic  and  the 
electric  components  of  an  electromagnetic 
wave  are  such  as  to  make  free  electrons 
vibrate.  Thus,  the  electromagnetic  wave 
induces  an  emf  in  any  conductor  which  lies 
in  its  path. 

Notice  that  the  induced  emf  is  due  both 
to  the  alternating  magnetic  field  and  to  the 
alternating  electric  field  which  make  up  the 
electromagnetic  wave.  If  the  conductor  in 
which  the  emf  is  induced  is  part  of  a  com¬ 
plete  circuit,  as  in  the  case  of  a  radio 
antenna,  a  current  results.  The  electro¬ 
magnetic  wave  gives  up  a  small  quantity 
of  energy  to  each  particle  which  it  moves. 

High-frequency,  high-power  energy  is 
fed  to  the  transmitting  antenna  by  elec¬ 
tronic  circuits.  Here  the  energy  is  con¬ 
verted  to  electromagnetic  waves,  which 


radiate  out  in  all  directions.  At  the  receiv¬ 
ing  end,  a  similar  but  usually  much  smaller 
antenna  “picks  up,”  or  receives,  the  electro¬ 
magnetic  waves  and  converts  them  back 
into  high-frequency  electric  energy.  The 
energy  received  may  be  less  than  one  bil¬ 
lionth  of  that  originally  radiated  by  the 
transmitting  antenna,  but  it  can  be  ampli¬ 
fied  and  controlled  by  the  circuits  in  the 
receiving  set. 

Modern  broadcasting  stations  vary  from 
those  whose  useful  range  is  only  a  few  feet 
up  to  the  special  military  units  which 
broadcast  and  receive  radio  signals  from 
artificial  satellites  far  out  in  space.  The 
typical  commercial  broadcast  station  usu¬ 
ally  has  a  range  of  several  hundred  miles. 
The  frequencies  used  by  most  commercial 
broadcasting  stations  are  from  540  to  1600 
kilocycles  per  second.  (One  kilocycle  per 
second,  abbreviated  kc,  is  1000  cps.  Note 
that  the  abbreviation  may  omit  any  symbol 
for  “per  second.”)  Amateur  radio,  police 
and  aviation  communication,  television,  and 
radar  use  other  frequencies  ranging  from 
about  100  kc  up  to  thousands  of  megacycles 
per  second.  (One  megacycle  per  second, 
abbreviated  Me,  is  1,000,000  cps.) 

15-9  Speed,  frequency,  and  wave¬ 
length  are  related  by  a  simple  formula.  In 

a  previous  course  you  studied  the  wave 
nature  of  sound  and  light;  a  little  review 
here  might  be  in  order.  The  frequency  of 
a  wave  motion,  or  of  its  source,  is  the  num¬ 
ber  of  complete  cycles  of  motion  it  under¬ 
goes  each  second.  In  the  traveling  wave, 
the  wavelength  is  defined  as  the  distance 
between  any  point  on  the  wave  and  the  next 
point  which  corresponds  exactly  to  it.  This 
is  clear  in  Fig.  15— 4b,  where  the  distance 
from  A  to  B  is  1  wavelength.  A  simple 
mathematical  relationship  exists  between 
the  velocity  of  a  wave,  its  frequency,  and  its 
wavelength.  This  relationship  is: 

v  =  f\ 
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where  v  is  the  velocity  of  wave  travel,  f 
is  the  frequency  of  wave  motion,  and  A  is 
the  wavelength.  This  relationship  holds  for 
waves  in  general,  including  electromag¬ 
netic  waves. 

The  frequencies  of  radio  waves  are  usu¬ 
ally  given  in  kilocycles  per  second  or  mega¬ 
cycles  per  second.  Wavelengths  are  usually 
measured  in  meters,  although  very  short 
ones  are  often  specified  in  terms  of  centi¬ 
meters  or  even  millimeters. 

15-10  Audio  frequencies  are  not  prac¬ 
tical  for  electromagnetic  radiation.  You 

already  know  that  a  sound  signal  can  be 
converted  to  an  electric  signal,  and  can 
then  be  amplified  and  controlled  electron¬ 
ically.  Why,  you  might  ask,  cannot  a  sound 
be  converted  to  an  audio-frequency  elec¬ 
tric  signal,  radiated  into  space  by  a  trans¬ 
mitting  antenna,  received  on  another  an¬ 
tenna,  amplified,  and  heard?  Here  are  the 
reasons  why  the  problem  of  radio  com¬ 
munication  cannot  be  solved  so  simply: 

1.  While  electromagnetic  waves  (radio 
waves)  can  exist  at  audio  frequencies 
( frequencies  equal  to  those  of  audible 
sound),  they  require  enormous  power 
and  very  large  equipment. 

2.  Frequencies  of  100  kc  and  up,  which 
are  practicable  for  electromagnetic 
radiation,  are  far  beyond  the  range  of 
human  hearing.  These  are  called 
radio  frequencies  (rf). 

3.  An  audio  signal  contains  a  great  range 
of  frequencies:  300-3000  cps  for  un¬ 
derstandable  voice,  20-20,000  cps  for 
music.  However,  for  good  control  and 
efficiency,  an  electromagnetic  wave 
should  be  at  a  single  frequency,  or 
within  a  narrow  band  of  frequencies. 

4.  Even  if  electromagnetic  radiation  were 
practicable  at  audio  frequencies,  only 
one  signal  at  a  time  would  be  possible 
in  a  given  location;  more  than  one 
would  interfere  with  each  other. 


Do  It  Now 


Look  at  the  dial  of  a  home  radio.  What  fre¬ 
quency  range  does  it  cover?  What  frequencies 
are  covered  by  a  frequency-modulated  radio? 
How  do  these  compare  with  audio  frequencies? 
Why  is  there  a  difference? 


Self  Check 


1 .  In  an  electromagnetic  wave,  what  is  the 
relation  among  the  directions  of  the  elec¬ 
tric  field,  the  magnetic  field,  and  the  wave 
travel? 

2.  When  an  electromagnetic  wave  induces  an 
emf  in  a  conductor,  is  this  action  due  to 
the  magnetic  field,  the  electric  field,  neither, 
or  both? 

3.  What  is  the  source  of  the  energy  which 
exists  in  your  antenna  when  you  are  receiv¬ 
ing  a  radio  signal? 

4.  If  the  vibrating  electric  charges  in  a  trans¬ 
mitting  antenna  are  caused  by  a  3.5  Me  si¬ 
nusoidal  ac,  what  do  you  know  about  the 
frequency  and  the  wave-form  of  the  mag¬ 
netic  field  and  electric  field  which  the 
antenna  radiates? 

5.  What  is  considered  the  range  of  audio  fre¬ 
quencies  for  good  reproduction  of  high 
fidelity  music? 


Discussion  Questions 


1 .  Why  are  not  all  electric  fields  accompanied 
by  a  magnetic  field,  as  is  the  case  with 
electromagnetic  waves? 

2.  Electromagnetic  waves  of  suitable  strength 
and  frequency  produce  distinct  heating 
effects  in  conductors;  this  is  the  basis  for 
induction  heaters  and  induction  furnaces, 
also  diathermy.  Can  you  explain  how  a 
strong  electromagnetic  field  heats  a  con¬ 
ductor  which  it  strikes? 
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15-11  Carrier  amplitude  can  be  mod¬ 
ulated  by  an  audio  signal.  If  a  radio  wave 
at  audio  frequencies  is  not  practicable,  and 
if  the  high  frequencies  that  are  practicable 
are  not  in  the  audible  range,  how  is  radio 
possible?  The  Italian  scientist  Marconi, 
usually  considered  the  father  of  wireless 
communication,  solved  this  problem  very 
simply.  He  sent  out  a  high-frequency  wave 
and  interrupted  it  according  to  the  tele¬ 
graph  code,  which  had  already  been  devel¬ 
oped  by  Morse.  Marconi  then  devised  a 
receiving  unit  which  would  reproduce  the 
“on-ness”  and  “off-ness”  in  terms  of  sound 
and  silence.  Thus  the  operator  at  the  re¬ 
ceiving  end  could  read  the  coded  message 
that  had  been  transmitted  through  electro¬ 
magnetic  radiation. 

This  system,  clever  and  useful  though  it 
is,  is  scarcely  suitable  for  broadcasting  voice 
or  music.  It  is  limited  to  the  use  of  some 

Figure  15-5  At  the  top  is  a  high-frequency 
radio  wave,  called  a  carrier  wave.  Below  it 
is  the  telegraphic  code  for  the  letter  R  (dot- 
dash-dot)  converted  to  an  electric  signal. 
The  bottom  drawing  shows  the  result  of  com¬ 
bining  the  two  other  waves.  This  may  be 
thought  of  as  a  carrier  frequency  turned  off 
and  on  by  the  audio  signal. 


kind  of  code.  It  is  fruitful,  however,  to  con¬ 
sider  this  system  as  the  actual  combination 
of  two  different  signals,  as  in  Fig.  15-5.  At 
the  top  of  this  illustration  is  a  sine  wave  of 
1,000,000  cps.  This  high-frequency  radio 
wave  is  called  the  carrier  wave,  or  the 
carrier.  Its  frequency  is  high  enough  and 
its  power  strong  enough  that  it  can  be 
broadcast  over  very  great  distances.  The 
middle  portion  of  the  diagram  is  the  tele¬ 
graph  code  for  the  letter  R.  It  appears  as 
an  intermittent  potential  difference.  Now 
think  of  the  carrier  as  being  controlled  or 
modified  by  the  code-signal;  the  result  is  a 
signal  like  that  at  the  bottom  of  Fig.  15-5. 
The  intervals  of  no  radiation  between  dots 
and  dashes  can  be  considered  as  radiation 
of  zero  amplitude. 

The  same  general  process  can  be  used  to 
impress  any  audio  signal  on  a  carrier  wave. 
In  Fig.  15-6,  for  example,  the  top  wave 
form  is  a  radio-frequency  carrier.  The  sec¬ 
ond  wave  consists  of  a  small  portion  of  a 
voice  signal.  Figure  15-6c  shows  the  re¬ 
sult  obtained  when  the  amplitude  of  the 
carrier  wave  is  modified,  or  modulated,  by 
the  audio  signal.  Remember  that  for  broad¬ 
casting  purposes  the  unmodulated  carrier 
wave  is  of  no  value  because  it  bears  no  sig¬ 
nal,  no  ideas,  no  communication.  The  audio 
wave  by  itself  is  of  no  value  since  its  fre¬ 
quency  is  so  low  that  it  will  not  radiate 
effectively.  Only  the  modulated  carrier 
wave  is  useful  for  radio  communication.  In 
this  case  the  wave  is  called  an  amplitude- 
modulated  carrier  wave;  the  system  is  am¬ 
plitude  modulation  (AM). 

15-12  The  frequency  of  a  carrier  wave 
can  be  modulated.  As  the  name  suggests, 
frequency  modulation  (FM)  communication 
systems  accomplish  modulation  by  varying 
the  frequency  rather  than  the  amplitude  of 
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Figure  15-6  These  wave  forms  illustrate  the 
difference  between  amplitude  modulation  and 
frequency  modulation.  At  the  top  is  an  un¬ 
modulated  carrier  wave.  Below  it  is  an  audio 
signal.  The  third  wave  form  is  the  carrier, 
amplitude-modulated  by  the  audio  signal. 
The  fourth  wave  form  is  the  carrier,  frequency- 
modulated  by  the  same  audio  signal.  Notice 
that  the  last  wave  shows  variable  frequency 
but  constant  amplitude. 

the  carrier  wave.  Such  wave  forms  are  illus¬ 
trated  by  Fig.  15-6d. 

As  an  illustration,  assume  that  a  car¬ 
rier  wave  with  a  frequency  of  100  Me 
( 100,000,000  cps )  is  to-  be  modulated  by  an 
audio  note  of  400  cps.  Under  these  cir¬ 
cumstances,  the  frequency  of  the  carrier 
will  not  be  constant  at  100,000,000  cps  but 
will  fluctuate  above  and  below  this  value 
400  times/ sec.  The  greater  the  amplitude 
of  the  audio  signal,  the  greater  will  be  the 
magnitude  of  the  fluctuation.  For  example, 
if  the  audio  signal  is  of  normal  amplitude, 
the  frequency  of  the  modulated  carrier  may 
vary  from  99,990,000  to  100,010,000  cps.  If 
the  signal  is  a  louder  one,  the  frequency 


might  vary  from  99,950,000  to  100,050,000 
cps.  The  carrier  frequency  changes  from 
one  extreme  to  the  other  and  back  again 
at  a  rate  determined  by  the  frequency  of 
the  audio  signal. 

15-13  FM  has  many  advantages  over 

AM.  FM  radio  communication  has  the  fol¬ 
lowing  advantages  over  AM: 

1.  Less  interference  from  most  kinds  of 
static.  ( Most  static  is  amplitude  modu¬ 
lation,  and  a  good  FM  receiver  is 
“deaf”  to  amplitude  modulation. ) 

2.  Less  trouble  due  to  “fading”  of  the 
signal. 

3.  Less  overlapping  of  two  stations  close 
to  each  other  on  the  dial. 

In  addition  to  these  advantages,  which  are 
inherent  in  FM  systems,  other  differences 
exist  due  to  the  frequencies  which  the  De¬ 
partment  of  Transport  has  assigned  to 
broadcast  AM  and  broadcast  FM.  Remem¬ 
ber,  the  former  has  a  frequency  range  of  from 
0.54  to  1.6  me,  while  the  latter  ranges  from 
88  to  108  me,  about  100  times  as  great  a 
frequency.  Because  FM  broadcasting  is  done 
at  a  higher  frequency: 

1.  FM  transmission  can  be  more  easily 
concentrated  in  one  desired  direction. 

2.  FM  stations  have  less  range  than  do 
AM  stations  because  high  frequencies 
do  not  follow  the  curvature  of  the 
earth.  Instead  they  travel  in  straight 
lines.  FM  signals  seldom  can  be  re¬ 
ceived  beyond  100  mi.  As  a  result, 
many  more  station  licenses  can  be  is¬ 
sued,  since  it  is  very  unlikely  that  two 
stations  on  the  same  wavelength  and 
a  few  hundred  miles  apart  will  inter¬ 
fere  with  each  other. 

3.  Tuned  circuits  in  FM  receivers  offer 
more  trouble  from  drifting  of  fre¬ 
quency  due  to  changes  in  tempera¬ 
ture.  For  this  reason,  some  home  FM 
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receivers  must  be  retuned  after  they 
have  warmed  up. 

For  the  critical  listener,  another  outstand¬ 
ing  difference  between  the  two  systems  of 
modulation  can  be  traced  to  DOT  regula¬ 
tions.  Because  of  the  nature  of  AM  systems, 
and  because  station  licences  are  assigned  at 
intervals  of  10  kc,  the  DOT  requires  prac¬ 
tically  all  broadcast  AM  transmitting 
stations  to  reduce  sharply  the  amplitude  of 
notes  above  5  kc.  This  means  that  genuine 
high-fidelity  reproduction  of  music  or  speech 
is  impossible  on  the  broadcast  AM  band.  No 
such  limitations  are  imposed  on  FM  broad¬ 
casting. 


Do  It  Now 


Examine  the  tuning  dial  of  an  FM  receiver 
and  compare  it  with  that  of  an  AM  receiver. 
How  do  the  tuning  ranges  compare?  If  a  good 
receiver  is  available,  compare  the  fidelity  of 
FM-reproduced  music  with  that  reproduced 
from  AM  signals.  In  particular  note  the  pres¬ 
ence  of  very  high  notes.  Can  you  hear  the 
difference?  What  other  differences  in  quality 
of  reception  can  you  notice? 

15-14  An  oscillator  and  a  modulator 
are  basic  parts  of  a  transmitter.  The  elec¬ 
tronic  details  of  a  modern  radio  transmitter 
are  very  complex.  However,  you  are  al¬ 
ready  familiar  with  most  of  the  basic  prin¬ 
ciples  and  some  of  the  devices  like  micro¬ 
phones,  amplifiers,  and  antennas.  You  can 
now  investigate  the  production  of  the  car¬ 
rier  frequency  and  the  process  of  modula¬ 
tion. 

Many  kinds  of  circuits  can  be  used  to 
produce  the  high  frequency  necessary  for 
a  carrier  wave;  these  are  called  oscillator 
circuits.  The  typical  oscillator  contains  one 
or  more  resonant  circuits  (see  p.  315), 
which  determine  the  frequency  of  oscilla¬ 
tion.  A  simple  oscillator  circuit  is  shown 


Fig  ure  15-7  This  is  a  simple  oscillator 
circuit. 


in  Fig.  15-7.  Notice  the  plate  circuit:  bat¬ 
tery  to  cathode,  to  plate,  and  around 
through  the  resonant  circuit  (made  of  the 
capacitor  and  coil).  Plate-current  changes 
cause  fluctuations  in  the  resonant  circuit. 
The  capacitor  can  be  adjusted  for  the  de¬ 
sired  resonant  frequency.  Because  the  coil 
of  the  resonant  circuit  is  the  primary  of  a 
transformer,  similar  fluctuations  are  in¬ 
duced  in  its  secondary  winding.  The  sec¬ 
ondary  is  connected  to  the  grid  of  the  tube, 
giving  the  grid  a  fluctuating  potential.  This 
feedback  to  the  grid  is  amplified  by  the 
tube  and  reinforces  the  fluctuations  in  the 
plate  current  at  the  natural  frequency  of 
the  resonant  circuit.  If  the  oscillator  is  be¬ 
ing  used  to  produce  audio-frequency  oscil¬ 
lations,  you  can  hear  them  by  putting 
earphones  in  the  plate  circuit.  With  some 
modifications,  such  a  circuit  could  be  used 
to  produce  radio-frequency  oscillations  for 
a  carrier  wave. 

Suppose  that  a  broadcasting  station  has 
been  assigned  a  frequency  of  1000  kc.  Its 
oscillator  has  been  designed  to  produce  a 
current  of  that  frequency.  Next,  the  radio¬ 
frequency  carrier  must  be  modulated  by  the 
audio-frequency  signal  of  the  sound  that  is 
to  be  broadcast.  This  can  be  done  in  sev¬ 
eral  ways,  which  are  not  discussed  here 
because  the  methods  are  complicated.  Fi¬ 
nally,  the  signal-modulated  carrier  is  sent 
to  the  broadcasting  antenna. 


362 


CHAPTER  FIFTEEN 


15-15  Each  carrier  wave  has  a  differ¬ 
ent  frequency.  From  the  antenna,  the 
modulated  carrier  frequency  radiates  out 
into  space  as  an  electromagnetic  wave. 
When  it  is  intercepted  by  the  antenna  of  a 
radio  receiver,  a  tiny  bit  of  the  energy  of 
the  wave  produces  an  alternating  emf  in 
the  antenna. 

With  commercial,  military,  and  amateur 
radio  communication,  there  may  be  several 
hundred  different  carrier  waves  striking 
your  receiving  antenna  at  one  time.  All 
these  signals  exist  simultaneously  in  the 
antenna  circuit.  How  is  it  possible  to  select 
the  one  you  want  and  reject  all  others? 
Selection  is  possible  only  because  the  car¬ 
rier  waves  are  at  different  frecpiencies.  This 
is  true  because  the  Department  of  Trans¬ 
port  assigns  carrier  frequencies  to  licensed 
transmitters.  Of  course,  weak  stations  which 
are  geographically  very  far  apart  can  use  the 
same  transmitting  frequency.  Resonant  cir¬ 
cuits  have  the  ability  to  select  a  single 
frequency  or  limited  band  of  frequencies, 
as  pointed  out  in  Chapter  13.  Thus  a  reson¬ 
ant  circuit,  as  in  Fig.  15—8,  selects  the  carrier 
wave  whose  frequency  corresponds  to  its 
own  and  rejects  all  others.  The  variable 
capacitor  permits  the  user  to  select  the 
carrier  wave  he  wishes  to  receive. 

Figure  15—8  Here  is  a  very  simple  circuit  in 
a  radio  receiver.  If  built,  it  would  work;  but 
it  would  not  be  extremely  selective  unless  ad¬ 
ditional  resonant  circuits  were  employed.  If 
the  output  of  this  circuit  is  connected  to  the 
input  of  Fig.  15-9,  and  earphones  used,  it 
would  be  the  modern  equivalent  of  old-time 
crystal  receivers. 


15-16  Demodulation  can  be  accom¬ 
plished  by  a  rectifier.  Needless  to  say,  a 
modulated  carrier  wave  is  completely  in¬ 
audible;  its  frequency  is  far  beyond  the 
range  of  human  hearing.  Therefore,  there 
must  be  some  arrangement  for  separating 
the  audio  signal  from  the  carrier  frequency. 
This  process  is  called  demodulation  or 
detection . 

The  general  theory  of  demodulation  is 
the  reverse  of  modulation.  The  simplest 
circuit  for  accomplishing  AM  demodulation 
makes  use  of  a  half-wave  rectifier.  The 
operation  of  the  circuit  is  much  like  that  of 
the  rectifier  of  Fig.  14—7  on  p.  338.  This 

Figure  15-9  a.  The  circuit  of  a  simple  diode 
detector,  b.  The  modulated  carrier  signal 
from  the  antenna  circuit  of  Fig.  15-8.  c.  The 
signal  after  it  has  been  rectified  by  the  diode, 
d.  The  signal  after  it  has  been  filtered  by  the 
capacitor,  e.  The  wave  form  of  the  original 
audio  signal.  Note  that  the  filtered  signal  in 
d  is  almost  like  that  of  e. 


tube 

diode 
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diode  half-wave-rectifier  circuit,  commonly 
called  a  diode  detector,  is  by  far  the  most 
common  in  today’s  radio  receivers. 

The  circuit  of  the  diode  demodulator  is 
shown  in  Fig.  15-9.  The  input  is  the 
modulated  carrier.  At  this  stage  it  has 
already  been  picked  up  by  the  antenna;  it 
is  an  electric  signal.  The  diode  ( which  may 
be  a  vacuum  tube  or  a  semiconductor  crys¬ 
tal  diode)  rectifies  this  ac  signal  to  give  it 
the  wave  form  of  Fig.  15-9c.  The  recti¬ 
fied  current  exists  in  the  resistor,  which  is 
literally  the  load  for  the  circuit.  A  capaci¬ 
tor  in  parallel  with  the  load  resistor  filters 
the  rectified  signal  (see  Fig.  15-9d  for  wave 
form ) .  This  is  equivalent  to  the  heavy  wave 
form  of  Fig.  15-9e.  This  set  of  illustra¬ 
tions  should  be  carefully  compared  with 
Fig.  14-7  and  also  with  Fig.  15-6. 


A  summary  of  what  happens  in  radio 
communication  is  given  below. 


Self  Check 


1 .  A  1-Mc  carrier  frequency  is  modulated  by 
a  1000-cps  audio  note.  How  many  times 
per  second  does  the  amplitude  of  the 
carrier  frequency  rise  to  a  maximum  value? 

2.  What  is  the  nature  of  the  received  signal 
at  a  radio  set  during  an  interval  between 
sentences  when  there  is  silence  in  the  set’s 
speaker? 

3.  What  is  the  basic  difference  between  FM 
and  AM? 

4.  Why  are  FM  transmission  and  reception 
freer  of  static  than  is  AM  communication? 


RADIO  COMMUNICATION —  A  SUMMARY 


stated  in  common  terms 

1 .  Sound  is  converted  to  a  pattern  of  varia¬ 
tions  of  electric  energy,  called  an  audio 
signal.  This  audio  signal  is  then  amplified. 

2.  Another  electric  signal  is  produced  at  fre¬ 
quencies  far  above  the  audio  range.  These 
are  sine  waves  whose  frequency  is  suitable 
for  electromagnetic  radiation. 

3.  The  audio  signal  is  superimposed  on  the 
high-frequency  sine  wave  signal. 

4.  The  combination  of  audio  signal  and  high- 
frequency  sine  waves  is  converted  to  elec¬ 
tromagnetic  radiation  and  is  broadcast. 

5.  The  electromagnetic  radiation  (consisting 
of  audio  signals  superimposed  on  the  high- 
frequency  sine  waves)  is  picked  up  by  a 
receiving  antenna  and  converted  to  electric 
current. 

6.  The  audio  signal  is  separated  from  the  6. 

high-frequency  sine  waves  with  which  it 
was  combined. 

7.  The  audio  signal  is  increased  and  con-  7. 

verted  to  sound. 


stated  in  technical  terms 
Sound  energy  is  transduced  to  an  audio 
signal  and  amplified. 

2.  A  radio-frequency  carrier  is  produced. 


3.  The  carrier  is'  modulated  by  the  audio 
signal. 

4.  The  modulated  carrier  is  radiated  from  a 
transmitting  antenna. 

5.  The  radiated  modulated  carrier  is  con¬ 
verted  to  an  electric  current  in  the  receiv¬ 
ing  antenna. 

The  received  signal  is  demodulated. 

The  audio  signal  is  amplified  and  trans¬ 
duced  to  sound  energy. 


1. 


364 


CHAPTER  FIFTEEN 


5.  Broadcast  AM  music  cannot  reproduce  the 
highest  frequencies  of  the  audio  range. 
Why? 

6.  Why  do  not  broadcast  FM  and  AM  signals 
have  the  same  distance  range,  assuming 
both  transmitters  have  the  same  power? 

7.  If  a  carrier  frequency  of  105.2  Me  is  fre¬ 
quency-modulated  with  an  audio  note  of 
3000  cps,  at  what  rate  does  the  frequency 
of  the  carrier  vary? 

8.  What  kind  of  circuit  is  used  in  a  trans¬ 
mitter  to  produce  the  carrier  frequency? 

9.  In  a  radio  receiver,  how  are  undesired 
signals  kept  out  of  the  antenna? 

10.  How  does  a  simple  diode  demodulator  cir¬ 
cuit  resemble  a  half-wave  rectifier  circuit? 


Discussion  Questions 


1 .  In  a  frequency-modulated  carrier,  what  is 
the  difference  between  a  weak  signal  of 
500  cps  and  a  strong  signal  of  500  cps? 

2.  In  an  FM  carrier,  what  is  the  difference  be¬ 
tween  two  signals  of  equal  amplitude,  one 
of  500  cps,  the  other  of  1000  cps? 

3.  In  Fig.  15-9,  what  would  be  the  practical 
result  if  the  diode  were  reversed  in  polarity? 

4.  If  it  were  practical  to  broadcast  an  electro¬ 
magnetic  wave  at  audio  frequencies,  how 
could  it  be  separated  at  the  receiving  end 
from  other  such  broadcast  programs? 


The  Oscilloscope  —  A  Basic  Electronic  Tool 


A  look  at  some  of  the  special  applications 
of  communications  electronics  rightfully 
starts  with  the  oscilloscope.  This  is  a  basic 
tool  for  the  modern  electronics  technician, 
regardless  of  the  kind  of  work  he  does. 

Most  electrical  measuring  instruments  in¬ 
volve  some  sort  of  meter  movement.  They 
usually  indicate  the  magnitude  of  an  elec¬ 
trical  variable  such  as  current,  power,  or 
frequency.  An  oscilloscope,  however,  is  a 
different  sort  of  test  equipment.  While  it 
can  be  used  to  indicate  the  magnitude  of 
potential  difference,  or  indirectly  many 
other  variables,  its  chief  function  is  to  ex¬ 
amine  the  wave-form  of  a  signal,  either  ac 
or  fluctuating  dc. 


15-17  An  oscilloscope  uses  a  special 
electron  tube.  The  heart  of  an  oscilloscope 
is  a  special  electron  tube  known  as  a 
cathode-ray  tube  •  It  gets  its  name  from 
its  outstanding  feature,  a  slender  stream  of 
electrons  which  comes  from  the  cathode, 
and  hence  is  called  a  cathode  ray  •  The 
cathode-ray  tube  is  shown  in  side  view  in 
Fig.  15-10.  Here  is  how  it  functions: 

1.  A  heated  cathode  emits  electrons.  The 
cathode  is  coated  with  oxide  only  at 
the  end,  and  thus  emits  electrons  pri¬ 
marily  in  that  direction. 

2.  The  grid  is  a  hollow  cylinder  with  a 
perforated  disk  inside  it.  The  grid 


Figure  15-10  This  is  a  simplified  diagram  of  a  cathode-ray  tube,  as  used  in  oscilloscopes. 
The  inside  of  the  tube  is  coated  with  a  thin  layer  of  carbon  so  that  electrons  which  strike 
the  tube  face  can  leak  back  to  the  positive  terminal  of  the  power  supply. 


grid  first  second 
anode  anode 


COMMUNICATION  THROUGH  ELECTRONICS 


365 


partly  surrounds  the  cathode.  Like 
most  grids,  it  operates  at  a  potential 
which  is  negative  with  respect  to  the 
cathode.  It  is  used  to  control  the  in¬ 
tensity  of  the  electron  beam. 

3.  The  anodes  (two  are  shown  in  Fig. 
15-10)  attract  electrons  and  cause  a 
stream  of  them  to  come  through  the 
hole  in  the  grid.  The  anodes  are 
cylinders,  the  second  one  more  posi¬ 
tive  than  the  first.  They  draw  a  very 
small  amount  of  current  as  electrons 
hit  them,  but  their  primary  purpose  is 
to  accelerate  the  electrons  and  to  focus 
the  beam  on  a  small  spot  on  the  face 
of  the  tube. 

The  total  assembly  of  heater,  cathode, 
control  grid,  and  one  or  two  focusing-and- 
accelerating  anodes  is  frequently  termed 
the  electron  gun.  As  the  electrons  leave 
this,  they  are  in  a  narrow  beam  and  move 
at  high  speed  in  a  straight  line.  If  there 
were  nothing  else  in  the  tube,  they  would 
strike  the  end  of  the  tube  in  the  center  and 
then  leak  along  the  inside  surface  of  the 
tube  back  to  the  positive  end  of  the  power 
supply. 

4.  One  end  of  the  tube  is  coated  with  a 
phosphor  which  fluoresces  when  bom¬ 
barded  by  electrons.  The  electron 
stream,  of  course,  is  completely  in¬ 
visible.  However,  when  the  electrons 
strike  the  chemically  coated  screen, 
they  cause  the  phosphor  to  glow  a 
green,  white,  or  yellow  color.  Remem¬ 
ber,  it  is  not  the  electrons  themselves 
which  are  visible;  they  merely  impart 
their  kinetic  energy  to  the  fluorescent 
screen,  which  releases  it  in  the  form  of 
light  energy.  In  most  cathode-ray 
tubes,  the  coating  continues  to  glow 
as  long  as  the  electrons  are  striking  it, 
but  ceases  to  glow  a  fraction  of  a  sec¬ 
ond  after  the  electron  beam  stops  or 
moves  elsewhere. 


Do  It  Now 


The  first  primitive  cathode-ray  tube  was  devel¬ 
oped  in  the  1870’s.  Why  do  you  suppose  it 
came  to  be  called  a  cathode-ray  tube  rather 
than  an  electron-beam  tube? 

15-18  Electric  fields  control  the  path  of 
the  electron  beam.  The  path  of  the  elec¬ 
tron  beam  is  controlled  by  the  four  deflec¬ 
tion  plates  shown  in  Fig.  15-10.  These  are 
referred  to  as  upper  and  lower,  left  and 
right,  as  seen  from  the  front  or  screen 
end  of  the  tube.  Deflection  plates  cause 
the  beam  of  electrons  to  bend  away  from 
their  straight-line  path.  When  any  pair 
of  plates,  say  the  upper  and  lower,  are 
at  the  same  potential,  they  produce  no 
effect  on  the  beam.  However,  if  the  upper 
one  is  positive  with  respect  to  the  lower, 
the  beam  of  electrons  is  attracted  upwards 
by  the  upper  plate,  and  repelled  upwards 
by  the  lower  plate.  As  a  result,  the  electron 
beam  strikes  the  screen  above  center.  The 
distance  above  center  at  which  it  strikes 
is  determined  by  the  magnitude  of  the 
potential  difference  between  the  deflection 
plates.  If  the  polarity  of  this  potential  dif¬ 
ference  is  reversed,  then  the  beam  is  de¬ 
flected  downward  instead  of  upward.  In 
a  similar  way,  potential  difference  between 
the  left  and  right  deflection  plates  can  de¬ 
flect  the  spot  either  to  the  left  or  right  of 
the  center.  As  a  result,  the  electron  beam 
can  be  made  to  strike  anywhere  on  the 
surface  of  the  screen  by  the  proper  com¬ 
bination  of  potential  differences  between 
the  two  pairs  of  deflection  plates. 

Note  here  that  the  two  plates  which  are 
physically  in  a  horizontal  plane  actually 
produce  vertical  deflection.  On  the  other 
hand,  the  left  and  right  deflection  plates  are 
in  a  vertical  plane  but  produce  horizontal 
deflection.  Because  their  function  is  of 
greater  interest  than  their  physical  position, 
the  upper  and  lower  plates  are  referred  to 
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as  vertical  deflection  plates,  and  the  left 
and  right  ones  as  horizontal  deflection 
plates. 

15-19  The  electron  beam  can  be  con¬ 
trolled  to  trace  a  graph.  How  can  a  cath¬ 
ode-ray  tube  be  used  to  trace  graphs,  to 
make  wave  forms  visible?  Assume  that  the 
signal  to  be  examined  is  a  fluctuating  po¬ 
tential  difference,  and  this  is  placed  across 
the  vertical  deflection  plates.  Suppose  that 
the  signal  is  a  1000-cps  sine  wave.  In  this 
case,  the  spot  would  move  merely  up  and 
down  on  the  face  of  the  tube,  as  shown  in 
Fig.  15-lla.  This,  of  course,  would  be  of 
no  value  at  all. 

The  way  to  make  this  vertical  movement 
into  a  graph  is  to  move  it  from  one  side  to 
the  other  rapidly  enough  to  “stretch  out” 
the  1000-cps  sine  wave  so  that  it  can  be 
distinguished.  If  the  cathode-ray  tube  were 
placed  on  roller  skates,  and  moved  rapidly 
from  left  to  right,  as  in  Fig.  15-llb,  then 
the  electron  beam  would  trace  a  sine  wave 
across  the  room.  This  could  actually  be 
photographed  by  time-exposure  photogra¬ 
phy.  Although  this  arrangement  is  theo¬ 
retically  acceptable,  it  is  certainly  not 
practical. 

In  an  oscilloscope  this  function  is  carried 
out  electronically.  A  special  signal  is  ap¬ 


plied  to  the  horizontal  deflection  plates  to 
move  the  spot  from  left  to  right  at  uniform 
speed,  then  from  left  to  right  again,  and 
again,  and  again,  and  again.  The  return  of 
the  spot  from  right  to  left  is  accomplished 
so  quickly  that  it  is  unnoticeable.  In  a  very 
real  sense,  it  does  not  move  “back  and 
forth,”  it  moves  “forth  and  forth.”  Suppose 
now  that  the  spot  moves  across  the  face  of 
the  tube  in  1/200  sec.  During  this  time,  five 
complete  cycles  of  the  1000-cps  sine  wave 
have  been  traced  out  by  the  spot,  as  in  Fig. 
15-llc.  Then,  if  this  process  is  repeated 
without  delay,  five  more  cycles  will  be 
traced.  But  since  the  second  five  are  the 
same  size  and  shape  as  the  first  five,  the 
second  trace  coincides  exactly  with  the 
first  trace.  As  long  as  the  1000-cps  sine 
wave  remains  unchanged,  each  successive 
left-to-right  sweep  of  the  spot  will  trace  out 
five  more  identical  sine  wave  cycles. 

All  this  is  taking  place  at  the  rate  of 
200  sweeps/sec.  When  a  spot  of  light  is 
moving  that  fast,  it  appears  to  be  a  com¬ 
plete  and  solid  line  to  the  eye.  The  eye 
continues  to  see  a  light  for  about  1/10  sec 
after  it  is  gone,  so  if  the  spot  retraces  its 
path  every  1/200  sec,  the  eye  sees  it  as  a 
steady  image.  Remember,  whatever  trace 
you  see  on  an  oscilloscope  is  not  really  a 
line,  but  always  a  rapidly  moving  spot. 


Figure  15-11  If  a  1000-cycle-sine  potential  difference  were  placed  across  the  vertical 
deflection  plates  of  a  cathode-ray  tube,  the  result  would  be  a  repeated  vertical  movement 
of  the  spot  on  the  tube  face,  as  shown  in  a.  If  the  entire  set-up  were  rapidly  rolled  from 
left  to  right,  as  suggested  in  b,  a  continuous  sine  wave  would  be  sketched  out  by  the 
moving  spot.  In  c  the  spot  is  moved  linearly  from  left  to  right  in  V’OO  sec.  This  traces  out 
five  complete  cycles  of  the  1000-cycle  sine  wave  signal.  In  the  next  left-to-right  trip,  the 
next  five  cycles  are  traced  out  and  duplicate  the  first  five. 
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Do  It  Now 


If  an  oscilloscope  is  available,  ask  your  instruc¬ 
tor  to  help  you  put  a  60-cps  signal  on  the 
vertical  deflection  plates,  and  to  adjust  the 
frequency  of  the  horizontal  sweep.  Can  you 
produce  two  complete  cycles  of  sine  waves  on 
the  face  of  the  instrument?  one  complete 
cycle?  five  complete  cycles?  Can  you  slow 
down  the  sweep  enough  to  see  that  the  line 
is  really  a  moving  spot? 


Self  Check 


1 .  In  what  respect  is  an  oscilloscope  a  different 
kind  of  test  equipment  than  that  repre¬ 
sented  by  ammeters,  voltmeters,  etc.? 

2.  What  is  the  origin  of  the  light  energy  which 
is  produced  at  the  face  end  of  a  cathode-ray 
tube? 

3.  What  would  be  the  condition  of  the  deflec¬ 
tion  plates,  as  seen  from  the  front  of  the 
cathode-ray  tube,  to  put  the  electron  beam 
above  and  to  the  left  of  center? 

4.  Why  is  it  that  in  a  cathode-ray  tube  the 
horizontal  deflection  plates  lie  in  a  vertical 
plane,  while  the  vertical  deflection  plates 
lie  in  a  horizontal  plane? 


5.  What  is  the  function  of  the  horizontal 
sweep  circuit  in  an  oscilloscope? 

6.  If  a  wave-form  on  the  face  of  an  oscillo¬ 
scope  repeats  itself  75  times/sec,  why  does 
it  not  appear  to  flicker? 

7.  What  would  be  the  pattern  on  the  face 
of  an  oscilloscope  if  a  6-kc  sine  wave  is 
impressed  on  the  vertical  deflection  system, 
while  the  horizontal  sweep  is  at  a  frequency 
of  1500  cps? 


Discussion  Questions 


1 .  Why  are  amplifiers  needed  in  the  horizontal 
and  vertical  circuits  of  an  oscilloscope? 

2.  What  would  be  the  nature  of  the  trace  on 
the  face  of  an  oscilloscope  if  a  dc  potential 
difference  were  placed  across  its  vertical 
input  terminals? 

3.  Suppose  there  is  something  wrong  with  an 
oscilloscope  circuit,  and  although  the  verti¬ 
cal  deflection  plates  and  the  signal  feeding 
them  are  normal,  the  right  deflection  plate 
is  somehow  connected  directly  to  the  upper 
deflection  plate,  and  the  left  deflection 
plate  is  similarly  connected  to  the  lower 
deflection  plate  and  neither  is  connected  to 
the  horizontal  sweep.  What  kind  of  trace 
would  appear  on  the  tube  face  when  a 
vertical  signal  is  applied  to  the  proper 
input  terminals? 


Television  and  Telemetering 


15-20  A  television  camera  employs 
photoelectric  emission.  Television  camera 
tubes  are  of  different  types.  One  of  the 
first  successfully  used  was  called  the  icono¬ 
scope.  Most  modern  TV  cameras  use  a 
much  more  sensitive  tube  known  as  the 
image  orthicon.  However  it  is  extremely 
complicated,  and  a  thorough  study  of  its 
operation  would  serve  no  purpose  here. 

You  already  know  that  if  sufficient  en¬ 
ergy  is  available,  electrons  are  emitted  from 


the  surface  of  conductors.  At  the  hot  cath¬ 
odes  of  vacuum  tubes,  this  energy  is  sup¬ 
plied  by  heat,  and  thermionic  emission  re¬ 
sults.  It  is  also  possible  to  release  these 
electrons  by  providing  light  energy  to  over¬ 
come  the  work-function  (p.  335)  of  the 
emitting  surface;  this  is  photoelectric  emis¬ 
sion.  The  devices  which  provide  photo¬ 
emission  are  called  photoelectric  cells. 

The  heart  of  the  iconoscope  is  a  flat 
surface  made  up  of  millions  of  tiny  globules 
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of  light-sensitive  material;  this  screen  is 
commonly  referred  to  as  a  mosaic  screen. 

Figure  15-I2a  shows  a  diagram  of  an 
iconoscope  tube.  The  tube  contains  an 
electron  gun  and  deflection  coils.  The  mo¬ 
saic  screen  is  placed  so  that  an  optical 
image  can  be  focused  on  it  by  a  converging 
lens,  as  in  a  camera.  It  is  also  in  such  a 
position  that  it  is  struck  by  the  electron 
beam  from  the  electron  gun. 

A  simplified  diagram  of  a  bit  of  the 
mosaic  screen  is  shown  in  Fig.  15-12b 
Here  only  eight  of  these  tiny  light-sensitive 
globules  are  shown.  These  facts  will  help 
you  understand  the  operation  of  this  screen: 

1.  Each  globule  is  insulated  from  the 
others. 

2.  The  globules  are  exposed  to  varying 
intensities  of  light  (from  the  lens.) 

3.  The  globules  exposed  to  the  most  light 
emit  the  most  electrons,  and  therefore 
become  more  positive  than  those  ex¬ 
posed  to  little  or  no  light.  The  emitted 
electrons  leak  along  the  inside  surface 
of  the  tube  and  then  back  to  the  posi¬ 
tive  end  of  the  power  supply. 


4.  The  globules  are  located  close  to  but 
not  touching  a  conducting  sheet. 
Thus,  each  globule  forms  one  plate  of 
a  capacitor.  The  conducting  sheet 
serves  as  the  other  plate  for  all  the 
photoelectric  cells.  The  metal  sheet 
is  connected  to  the  power  supply 
through  a  high-resistance  path,  R. 

15-21  The  optical  image  is  transduced 
to  an  electric  (video)  signal.  What  is  the 
condition  of  this  mosaic  screen  of  photo¬ 
electric  cells  after  the  lens  has  focused  an 
image  on  it  for  a  fraction  of  a  second?  Each 
globule  has  emitted  some  electrons,  and  is 
therefore  positive  to  some  degree.  The 
magnitude  of  the  charge  depends  on  the 
intensity  of  light  which  shines  upon  that 
particular  globule.  For  simplicity,  assume 
that  in  Fig.  15-12  b  globule  A  is  in  a  very 
bright  part  of  the  image,  globule  C  in  a 
gray  part,  and  globule  F  in  a  very  dark 
part.  As  a  result,  globule  A  will  be  highly 
positive,  globule  C  somewhat  positive,  and 
globule  F  barely  positive.  But  the  average 
charge  on  the  screen  is  definitely  positive. 
By  induction,  the  metal  sheet  immediately 


Fig  ure  15-12  These  are  highly  simplified  diagrams  of  an  iconoscope,  a  simple  type  of 
television  camera  tube.  a.  This  shows  the  relationship  between  the  lens,  the  mosaic  screen, 
and  the  electron  gun,  which  provides  the  beam  of  electrons  to  scan  the  mosaic  screen, 
b.  Here  is  an  idealized  diagram  of  eight  of  the  millions  of  globular  photoelectric  cells  on 
the  mosaic  screen.  Note  that  each  cell  acts  as  one  plate  of  a  tiny  capacitor.  The  heavy 
plate  behind  them  acts  as  the  other  plate  for  all  the  capacitors. 
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behind  it  therefore  becomes  negative;  that 


is,  it  acquires  electrons  through  the  resistor 
R. 

The  deflection  coils  of  the  iconoscope  are 
provided  with  currents  which  cause  the 
electron  beam  to  sweep  over  the  entire 
mosaic  screen  30  times  each  second.  Mod¬ 
ern  television  accomplishes  this  complete 
scanning  pattern  by  making  525  horizontal 
paths  over  the  screen  each  l/30th  sec.  The 
scanning  pattern  for  a  single  frame  accom¬ 
plished  in  l/30th  sec  is  something  like  that 
in  Fig.  15-13a. 

Referring  back  to  Fig.  15-12b,  what  hap¬ 
pens  when  the  electron  beam  strikes  globule 
A?  Globule  A  is  highly  positive,  but  the 
electron  beam  replenishes  the  electrons  and 
makes  it  less  positive.  This  reduces  the 
average  positive  charge  of  the  entire  mosaic 
screen  slightly.  As  the  mosaic  screen  be¬ 
comes  less  positive,  it  has  less  attraction  for 
the  free  electrons  in  the  nearby  sheet,  so 
the  sheet  loses  some  of  its  negative  charge. 
It  can  do  this  only  by  permitting  some  elec¬ 
trons  to  flow  down  through  the  resistor  R 
to  the  power  supply.  Thus  the  result  of  the 
electron  beam  scanning  over  globule  A  is  a 
spurt  of  electrons  down  through  R.  When 
the  electron  beam  scans  globule  C,  the 


same  thing  happens,  only  to  a  lesser  degree, 
since  globule  C  has  a  less  pronounced  posi¬ 
tive  charge.  When  the  beam  scans  globule 
F,  the  corresponding  flow  of  electrons 
through  R  is  very  slight  indeed. 

For  sake  of  illustration,  suppose  that  in 
the  process  of  scanning,  the  electron  beam 
covers  a  path  corresponding  to  the  line  X-Y 
in  Fig.  15-13b.  Moving  from  left  to  right, 
the  beam  first  encounters  cells  that  are  in 
weak  light,  then  in  moderate  light,  then  in 
strong  light,  again  in  weak  light  ( the 
shaded  roof),  again  in  moderate  light,  and 
then  again  in  an  area  whose  globules  were 
strongly  illuminated  by  the  sky.  The  beam 
therefore  produces  a  weak,  then  a  moder¬ 
ate,  a  strong,  a  weak,  a  moderate,  and  fin¬ 
ally  another  strong  flow  of  electrons  down 
through  R  in  Fig.  15-12b.  The  resulting 
potential  difference  across  R  is  as  indicated 
in  the  bottom  graph  of  Fig.  15-13b.  In  this 
way,  the  pattern  of  dim,  intermediate,  and 
bright  light  which  the  camera  lens  has  cast 
upon  the  mosaic  screen  is  transduced  into  an 
electric  signal  which  corresponds  to  an  im¬ 
age.  This  is  called  a  video  signal.  It  is  am¬ 
plified  and  used  for  AM  modulation  of  a 
carrier,  and  it  is  broadcast  in  the  form  of 
electromagnetic  radiation. 


Figure  15-13  a.  This  is  the  general  nature  of  the  scanning  pattern,  or  "raster,”  of  mod¬ 
ern  television.  There  are  525  lines  in  each  complete  frame,  and  there  are  30  frames  per 
second.  The  525  lines  are  scanned  in  two  sections,  first  the  odd-numbered  lines,  then  the 
even-numbered  lines.  This  interlaced  scanning  pattern  reduces  flicker  and  eye  fatigue,  b.  This 
diagram  shows  how  a  single  line  can  produce  a  segment  of  video  signal  when  crossing  a 
very  simple  scene.  The  video  signal  is  shown  below  the  diagram. 


potential  difference 
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The  audio  signal  is  used  for  frequency 
modulation  of  a  different  carrier.  The  car¬ 
riers  for  the  two  signals  are  so  close  in  fre¬ 
quency  that  they  are  transmitted  by  the 
same  antenna  and  received  by  the  same 
resonant  circuits  in  the  TV  receiver. 

15-22  The  video  signal  is  transduced 
to  a  light-intensity  pattern.  The  heart  of  a 
television  receiver  is  a  cathode-ray  tube, 
commonly  called  a  picture  tube.  This  unit 
is  almost  exactly  like  the  one  used  in  the 
oscilloscope,  except  that  it  is  usually  larger, 
and  glows  bluish-white  instead  of  green 
when  struck  by  an  electron  beam.  The 
modulated  carrier  wave  is  received  by  a 
sensitive  receiver.  After  demodulation,  the 
video  signal  is  fed  to  the  control  grid  of  the 
picture  tube,  where  it  controls  the  inten¬ 
sity  of  the  electron  beam  and  hence  the 
brightness  of  the  spot  of  light  on  the  screen. 

The  deflection  coils  cause  the  beam  to 
move  across  the  picture-tube  screen  with 
the  scanning  pattern  of  Fig.  15-13.  Al¬ 
though  these  sweep  currents  are  generated 
at  the  receiver  itself,  they  are  kept  in  step 
with  those  at  the  transmitter  by  a  series  of 
synchronizing  pulses  which  are  transmitted 
along  with  the  video  signal. 

The  video  signal  corresponds  to  the  pat¬ 
tern  of  light  intensities  which  the  icono¬ 
scope  electron  beam  scans.  This  video  sig¬ 
nal  controls  the  intensity  of  the  spot  of  light 
produced  by  the  electron  beam  in  the  re¬ 
ceiver  picture  tube.  As  a  result,  every  area 
of  light  intensity  in  the  iconoscope  is  re¬ 
produced  as  an  area  of  corresponding  light 
intensity  on  the  TV  screen. 

15-23  Telemetering  requires  special 
transducers.  It  is  often  desirable  to  collect 
data  from  places  where  human  beings 
should  not  or  cannot  go,  such  as  within  a 
highly  radioactive  region,  or  somewhere  in 
outer  space.  The  use  of  electric  or  radiated 
energy  to  transmit  measurement  data  from 
remote  locations  is  called  telemetering. 


One  of  the  basic  problems  of  telemeter¬ 
ing  is  the  design  of  a  suitable  transducer  to 
convert  the  variable  being  measured  to  an 
electric  signal.  Sounds  can  be  transduced 
with  microphones;  light  intensity,  with 
photoelectric  cells.  A  temperature-sensitive 
resistor  can  be  used  to  sense  the  intensity 
of  heat,  and  G-M  counters  and  other  radia¬ 
tion  detectors  determine  conditions  of  ra¬ 
dioactivity.  Almost  any  physical  variable 
can  be  telemetered  if  someone  is  clever 
enough  to  invent  a  suitable  transducer 
for  it. 

15-24  Space  research  makes  wide  use 
of  telemetering.  You  can  get  a  feeling  for 
telemetering  if  you  imagine  that  you  are 
designing  a  system  for  measuring  several 
variables  at  some  remote  location  in  outer 
space.  Suppose  you  are  working  on  a  proj¬ 
ect  whose  objective  is  placing  an  artificial 
satellite  in  an  orbit  inside  that  of  Mercury’s. 
Other  teams  are  working  on  problems  of 
propulsion,  timing  of  the  launch,  optical 
and  radar  tracking,  and  other  aspects  of  the 
enterprise.  Your  task  is  to  design  a  tele¬ 
metering  system  to  send  back  strategic  data 
about  physical  conditions  some  20,000,000 
miles  from  the  sun. 

To  make  the  sample  problem  simple,  as¬ 
sume  that  only  six  kinds  of  information  are 
needed.  On  the  next  page,  in  greatly  sim¬ 
plified  form,  are  possible  ways  of  transduc¬ 
ing  each  measurement  to  an  electric  signal. 

Now  how  will  all  six  measurements  be 
telemetered  at  once?  It  is  much  easier  to 
transmit  the  six  signals  one  at  a  time.  There¬ 
fore,  you  can  install  an  automatic  switch 
which  picks  up  each  signal  in  turn  for  1  sec 
and  uses  it  to  modulate  a  carrier.  Thus, 
each  measurement  is  broadcast  once  in 
6  sec,  or  lOtimes/min.  Of  course,  all  this 
will  be  constructed  in  miniature  to  make 
it  light,  small,  rugged,  and  economical  of 
power.  Since  the  unit  is  so  close  to  the  sun, 
it  may  even  be  practical  to  get  the  necessary 
power  from  solar  cells. 
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Physical  variable 

Transducer 

1 .  Temperature  within  the  artificial  planet 

A  temperature-sensitive  resistor  is  part  of  an 
electronic  oscillator  circuit.  The  frequency  of 
the  oscillator  (perhaps  a  few  thousand  cycles 
per  second)  varies  in  a  predictable  way  with 
the  resistance  of  the  resistor. 

2.  Occurrence  of  micrometeors  (extremely 
tiny  particles  of  solid  material  scattered 
throughout  the  solar  system) 

A  strip  of  glass  is  coated  with  a  thin  layer  of 
conducting  material,  so  thin  as  to  have  an  ap¬ 
preciable  amount  of  resistance.  As  the  space 
probe  is  struck  by  micrometeors,  they  erode 
the  conducting  layer  and  increase  its  resist¬ 
ance.  The  resistance  is  part  of  an  electronic 
oscillator  circuit,  possibly  the  same  one  used 
above.  The  frequency  of  the  oscillator  thus 
depends  on  the  cumulative  eroding  effect  of 

micrometeors. 

3.  Visible-light  intensity 

A  photoemission  cell  is  equipped  with  optical 
filters  which  exclude  all  but  visible  light  radia¬ 
tion.  The  cell  charges  a  capacitor  which  is 
periodically  discharged.  The  greater  the  light 
intensity,  the  greater  is  the  pulse  of  current 
during  discharge. 

4.  Ultraviolet-light  intensity 

The  same  type  of  circuit  is  used  as  for  visible 
light  intensity,  except  that  optical  filters  are 
selected  to  admit  desired  ultraviolet  radiation 

and  exclude  all  others. 

5.  Gamma  radiation 

A  G-M  counter  produces  electric  impulses 
whose  abundance  depends  on  the  radiation 
intensity. 

6.  Magnetic  flux  density 

A  tiny  loop  of  wire  is  continuously  rotated. 

The  strength  of  the  generated  emf  depends  on 
the  magnetic  flux  density  in  the  region  of  the 

coil. 
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Chapter 

Summary 


Self  Check 


1.  In  an  iconoscope  tube,  how  do  the  globules 
on  the  mosaic  screen  acquire  their  electric 
charge? 

2.  How  are  the  charged  globules  discharged? 

3.  In  an  iconoscope  tube,  how  is  the  change 
of  charge  on  the  mosaic  screen  globules 
converted  into  an  electric  signal? 

4.  What  type  of  modulation  is  used  for  the 
video  signal  and  for  the  audio  signal  in  tele¬ 
vision? 

5.  How  long  does  it  take  the  electron  beam  to 
sweep  from  left  to  right  across  a  television 
picture  once? 

6.  Why  is  it  necessary  to  transduce  data  into 
an  electric  signal  before  it  is  telemetered? 

7.  What  is  the  advantage  of  telemetering  a 
set  of  data  in  sequence  rather  than  simul¬ 
taneously? 

8.  What  is  the  basic  difference  between  tele¬ 
metering  and  a  telephoned  verbal  report  of 
the  data? 


Discussion  Questions 


1 .  Why  must  the  photosensitive  globules  in  an 
iconoscope’s  mosaic  screen  be  insulated 
from  each  other? 

2.  Examine  the  picture  on  the  face  of  a  TV 
receiver.  Can  you  see  the  lines?  Try  to 
count  them.  Do  you  find  approximately 
525  lines?  (Some  are  hidden  beyond  the 
top  and  bottom  of  the  screen.) 

3.  Closely  examine  a  small  section  of  the  pic¬ 
ture  on  a  TV  receiver.  Can  you  see  that 
each  line  varies  in  intensity  from  one  side 
of  the  screen  to  the  other?  Do  the  lines 
also  appear  to  vary  in  width? 

4.  The  gasoline  gauge  in  an  automobile  is  at 

some  distance  from  the  fuel  tank  itself. 

This  can  he  thought  of  as  telemetering. 

Can  you  think  of  other  examples  in  cars,  at 

home,  or  in  public  buildings? 


Electronic  amplifiers  operate  from  electric 
signals.  Accordingly,  signals  must  be  con¬ 
verted  from  sound  and  other  forms  into  electric 
form,  and  then  from  electric  form  to  other 
energy  forms.  Devices  which  accomplish  this 
are  transducers.  Some  transducers  operate  on 
the  principle  of  the  motor  effect  or  the  gen¬ 
erator  effect,  some  are  piezoelectric  in  char¬ 
acter,  and  there  are  many  other  types.  With¬ 
out  the  many  kinds  of  transducers,  radio  com¬ 
munication  would  be  impossible. 

The  electric  fields  and  magnetic  fields  pro¬ 
duced  by  vibrating  electric  charges  fluctuate 
in  the  same  pattern  as  do  the  electric  charges. 
These  two  fields  constitute  an  electromagnetic 
wave  in  which  the  electric  field,  the  magnetic 
field,  and  the  direction  of  wave  travel  are 
mutually  perpendicular.  The  electromagnetic 
wave  travels  through  a  vacuum  at  approxi¬ 
mately  3  X  101 2 3 4 * * * 8  m/sec,  and  through  air  at 
slightly  lower  speed.  Electromagnetic  waves 
induce  corresponding  emf  and  current  fluctua¬ 
tions  in  conductors  which  lie  in  their  path. 
Radio  waves  are  useful  only  at  high  frequen¬ 
cies,  usually  above  100  kc.  For  radio  waves  as 
well  as  for  other  kinds  of  waves,  v  =  f\.  Audio 
signals  are  combined  with  radio  wave  fre¬ 
quencies  by  modulation  of  the  carrier  by  the 
signal.  The  most  common  form  of  modulation 
is  amplitude  modulation  (AM). 

A  carrier  can  be  modulated  by  changing  the 
carrier’s  frequency.  This  is  called  frequency 
modulation  (FM).  FM  has  several  advantages 
over  AM,  due  in  part  to  the  nature  of  the 
system,  and  in  part  to  the  restrictions  estab¬ 
lished  by  the  Department  of  Transport. 

A  radio-frequency  carrier  is  produced  by  an 
electronic  oscillator  circuit,  then  modulated  by 
an  audio  signal,  and  broadcast.  Resonant  cir¬ 
cuits  make  it  possible  for  a  receiver  to  accept 
desired  signals  and  reject  undesired  ones. 
Rectifier  circuits  provide  one  way  of  separating 
or  demodulating  an  audio  signal  from  the  car¬ 
rier  frequency  which  it  has  modulated. 
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Vocabulary 

transduce,  transducer 

(p. 353-355) 

phonograph  pickup 

( V • 354 ) 

microphone  ( p.354 ) 

speaker,  dynamic 
speaker  ( p .  354) 

voice  coil  ( p .  354) 


piezoelectric  effect 

( p . 355) 

crystal  microphone 
(p. 355) 

video  signal  (p.  355, 
368-369 ) 

radio  waves  (p.  356) 
electromagnetic  wave 
(p.  356-358) 


kilocycle  (kc) 

(p.  357) 

megacycle  (Me) 

(p.  357) 

audio  frequency;  radio 
frequency  (p.  358) 
carrier  wave,  carrier 
frequency  (p.359) 
modulate,  modulation 
(p. 360) 

amplitude  modulation 
(AM)  (p.359) 
frequency  modulation 
(FM)  (p.359) 
oscillator  (p.  361 ) 
demodulation  (de¬ 
tection)  (p.362) 
diode  detector 
( p.362-363 ) 


oscilloscope  (p.  364) 
cathode  ray  (p.  364) 
cathode-ray  tube 
(p. 364) 

electron  gun  (p.  365) 
deflection  plates 
(p. 364-365) 
horizontal  sweep 
(p. 366) 

photoelectric  emission 
(p.  367) 

iconoscope  (p.  367) 
image  orthicon 
(p.  367) 

photoelectric  cell 
(p.367) 
mosaic  screen 
(p.368-369) 
scanning  (p.  369) 
telemetering  (p.  370) 


An  oscilloscope  is  useful  in  examining  wave¬ 
forms  in  electric  circuits.  The  oscilloscope  uses 
a  special  type  of  electron  tube,  the  cathode- 
ray  tube,  to  trace  out  a  graph  of  variations  of 
potential  difference  with  time.  The  beam  of 
electrons  in  the  tube  is  focused  by  controlled 
electric  fields,  and  deflected  by  electric  fields 
between  two  horizontal  and  two  vertical  de¬ 
flection  plates.  The  pattern  on  the  face  of  an 
oscilloscope  appears  to  be  one  or  more  lines, 
but  is  really  a  rapidly  moving  spot  of  light 
produced  by  the  electron  beam.  The  complete 
oscilloscope  contains  a  horizontal  sweep  oscil¬ 
lator,  amplifiers,  power  supplies,  and  other 
related  circuits. 

In  one  type  of  television  camera,  an  optical 
image  is  projected  on  a  mosaic  screen  of  tiny 
photoelectric  cells,  thus  giving  them  a  pattern 
of  charge.  A  moving  electron  beam  discharges 
these  in  sequence,  and  thus  transduces  the 
pattern  of  fight  brilliance  into  a  pattern  of 
varying  electric  current.  This  is  then  used 
to  modulate  the  amplitude  of  a  carrier  fre¬ 
quency,  while  the  audio  signal  is  used  to  modu¬ 
late  the  frequency  of  another  nearby  carrier. 
At  the  receiver,  the  video  signal  is  demodu¬ 
lated,  amplified,  and  used  to  control  the  inten¬ 
sity  of  fight  at  the  face  of  the  picture  tube, 
whose  sweep  circuits  are  synchronized  with 
those  at  the  TV  studio. 

Telemetering  is  the  automatic  transmission 
of  data  through  electric  or  radio  circuits  over 
substantial  distances.  This  system  is  widely 
used  in  modem  science,  particularly  that  re¬ 
lated  to  nuclear  reactions  and  space  research. 


Discussion  Questions 

1 .  Some  people  think  that  the  energy  produced 
by  a  dynamic  speaker  comes  in  part  from 
the  field.  Explain  why  this  idea  is  incorrect. 

2.  What  evidence  do  you  have  that  radio 
waves  do  not  need  air  for  their  transmission? 

3.  What  happens  to  the  energy  of  a  trans¬ 
mitted  radio  signal  which  is  not  picked  up 
by  receiving  antennas  in  the  vicinity? 

4.  In  what  sense  are  transmitting  antennas  and 
receiving  antennas  transducers? 

5.  What  happens  in  a  cathode-ray  tube  circuit 
when  the  intensity  control  is  adjusted  to 
make  the  spot  on  the  face  of  the  tube  get 
brighter? 

6.  A  400-cps  sine  wave  is  applied  to  the  verti¬ 
cal  input  terminals  of  an  oscilloscope.  The 
horizontal  sweep  signal  is  adjusted  to  800 
cps.  What  kind  of  trace  appears  on  the 
face  of  the  instrument? 

7.  What  is  the  source  of  energy  which  re¬ 
leases  electrons  from  the  globules  of  the 
mosaic  screen  of  an  iconoscope  tube? 
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VoL  III,  edited  by  F.  J.  Biondi.  Copyright  1958,  D.  Van  Nostrand,  Inc. 


Four-pointed  etch  pits  in  a  crystal  of  germanium.  During  the  processing  of  germanium  in  the 
production  of  transistors,  the  outer  crystals  may  be  damaged;  the  surface  of  the  germanium 
is  therefore  treated  by  a  liquid  that  dissolves  the  damaged  area. 


Thomson,  Millikan,  Shockley  —  these  are  the  names  of  three  important 
physicists  and  Nobel  Prize  winners. 

Sir  J.  J.  Thomson,  an  Englishman,  carried  on  a  brilliant  series  of  experi¬ 
ments  with  electric  currents  in  highly  rarefied  gases.  He  clearly  established 
that  the  current  in  these  gases  consists  of  a  flow  of  charged  particles.  This 
work  led  to  his  discovery  of  the  electron. 

Robert  A.  Millikan,  an  American,  spent  many  years  perfecting  and  carrying 
out  an  ingenious  method  for  determining  the  charge  of  the  electron.  His 
research  also  included  investigations  of  photoelectricity. 

William  Shockley,  an  American,  directed  a  team  of  research  physicists 
investigating  the  characteristics  of  certain  metals  in  their  solid  state.  An 
observation  of  some  unusual  behavior  in  the  surface  layers  of  the  element 
germanium  led  to  the  development  in  1948  of  the  transistor,  the  tiny  electronic 
device  which  is  now  replacing  vacuum  tubes  in  many  applications. 

Each  of  these  scientists  received  the  Nobel  Prize  in  Physics  to  honor  his 
efforts.  Their  research  was  aimed  at  understanding  the  nature  and  behavior 
of  matter,  one  of  the  great  frontiers  in  modern  physics.  Accordingly,  their 
work  is  involved  in  this  chapter  in  which  you  will  find  out  how  scientists 
learned  about  electrons,  how  subatomic  particles  are  accelerated  to  enormous 
speeds,  and  what  is  being  learned  through  solid-state  physics. 


The  Discovery  of  tlie  Electron 


16-1  Early  experimenters  used  gas- 
discharge  tubes.  In  Chapter  14  you  studied 
electric  current  in  tubes  filled  with  gas  at 
very  low  pressure.  The  performance  of 
these  gas-discharge  tubes  was  explained  in 
terms  of  the  movements  of  negative  and 


positive  ions.  This  is  the  modern  view  and 
is  consistent  with  what  you  know  about  the 
structure  and  behavior  of  matter. 

But  when  these  experiments  were  first 
performed,  nobody  had  any  inkling  of  the 
existence  of  electrons.  The  general  nature 
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Figure  16-1  This  experiment  in  a  highly 
evacuated  tube  shows  one  of  the  early  obser¬ 
vations  about  this  phenomenon.  Here  a  hori¬ 
zontal  magnetic  field  is  producing  a  verf/ca/ 
deflection  of  the  discharge  beam. 


of  gas  discharge  was  described  as  long  ago 
as  1785.  Other  related  observations  were 
reported  during  the  next  seventy  years. 
But  these  early  experimenters  were  ham¬ 
pered  by  poor  equipment.  What  was 
needed  was  an  improved  vacuum  pump  and 
a  man  superbly  skillful  in  glass  blowing. 

Therefore  it  was  no  accident  that  some 
of  the  early  investigations  of  cathode  rays 
were  made  by  scientists  in  Bonn,  Germany. 
For  in  Bonn  lived  Heinrich  Geissler,  not 
only  an  excellent  glassblower  but  also  the 
inventor,  in  1855,  of  the  first  major  improve¬ 
ment  in  vacuum  pumps  in  over  200  years. 
With  Geissler’s  invention  and  the  tubes  he 
was  able  to  make  from  glass,  scientists 
began  an  intensive  study  of  the  mysterious 
and  exciting  glow  to  be  found  in  low- 
pressure  gases  and  evacuated  tubes.  This 
illustrates  the  historical  fact  that  major 
breakthroughs  in  science  often  must  await 
advances  in  technology. 

It  was  soon  evident  that  cathode  rays  are 
affected  by  a  magnetic  field,  as  shown  in 
Fig.  16-1.  When  it  was  suggested  that 
cathode  rays  might  consist  of  charged  par¬ 
ticles  in  motion,  eager  experimenters  tried 
to  deflect  these  charges  by  an  electric  field. 
All  such  attempts  failed  for  many  years, 
and  the  mystery  of  the  real  nature  of  cath¬ 
ode  rays  remained  unsolved. 

During  this  time  some  scientists  felt  that 
gas-discharge  experimentation  was  being 
overdone.  As  often  happens,  research  with 
cathode  rays  was  ridiculed  as  being  of  no 


value.  An  industrialist  who  had  financed  a 
physics  laboratory  was  invited  in  to  see  the 
spectacular  gas-discharge  phenomena  his 
contributions  had  made  possible.  His  com¬ 
ment  on  seeing  it  was,  “How  beautiful  — 
and  how  useless!” 

Much  of  the  evidence  about  cathode  rays 
indicated  that  they  were  negatively  charged 
particles.  However,  no  one  was  able  to 
show  that  they  could  be  deflected  by  an 
electric  field.  This  situation  caused  many 
physicists  to  believe  that  they  were  elec¬ 
tromagnetic  waves,  a  sort  of  “invisible 
light.”  A  series  of  experiments,  including 
those  suggested  in  Fig.  16-2  (largely  the 
work  of  Crookes ) ,  showed  that  cathode 
rays  travel  in  straight  lines  and  that  they 
have  kinetic  energy  —  or  at  least  can  pro¬ 
duce  heat.  However,  when  it  was  found 
that  cathode  rays  could  penetrate  thin 
layers  of  solids  including  metals,  this  was 
felt  by  some  to  be  conclusive  proof  that  the 
discharge  could  not  possibly  consist  of 
charged  particles. 

One  hypothesis  was  that  the  gas  dis¬ 
charge  was  a  kind  of  wave  motion.  Scien¬ 
tists  at  that  time  were  just  beginning  to 
understand  electromagnetic  waves.  During 
that  period  Maxwell  developed  the  mathe¬ 
matical  formulas  to  represent  an  electro¬ 
magnetic  wave,  and  Hertz  demonstrated  the 
existence  of  radio  waves.  It  was  nearly  the 
dawn  of  the  20th  century  before  there  was 
good  evidence  that  a  gas  discharge  consists 
of  moving  charged  particles. 
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Here  ,  the  metal  inside  the 
tube  seems  to  cast  a  shadow 
on  the  tube’s  end.  The  glow  on 
the  end  of  the  tube  is  a  fluores¬ 
cent  effect  due  to  minerals  in 
the  glass. 


b 


In  this  case  ,  it  appears  that 
the  discharge  ray  has  kinetic 
energy,  for  it  is  able  to  turn 
the  paddlewheel  clockwise.  It 
can  be  shown,  however,  that 
this  co uld  be  the  heating  effect 
of  electromagnetic  (heat) 
waves. 


The  discharge  ray  made  a 
red-hot  spot  on  the  positive 
electrode.  This  is  further  ev¬ 
idence  that  the  discharge 
ray  has  great  energy. 


Figure  16-2  These  early  experiments  helped  pioneer  scientists  to  learn  about  the  nature  of 
the  rays  in  evacuated  tubes.  They  seem  to  confirm  the  early  conclusion  that  cathode  rays 
consist  of  something  going  from  the  negative  to  the  positive  electrode. 


16-2  Perrin  determines  the  charge  of 
the  cathode  ray.  In  1895  Perrin  of  France 
performed  an  experiment  which  demon¬ 
strated  beyond  doubt  that  cathode  rays  con¬ 
sist  of  negative  charges.  He  used  a  low- 
pressure  gas-discharge  tube  with  a  hollow 
anode,  as  shown  in  Fig.  16-3.  Most  of  the 
cathode  rays  struck  the  anode,  but  a  small 
portion  of  the  discharge  went  through  the 
hole  and  accumulated  on  the  inside  of  the 
hollow  electrode.  This  electrode  was  con¬ 
nected  to  an  electroscope  and  shown  to 
have  acquired  a  negative  charge.  However, 
a  magnetic  field  would  deflect  the  ray, 
so  that  although  it  penetrated  the  hole  in 
the  anode,  it  did  not  get  into  the  hollow 
collecting  electrode.  When  the  ray  was  de¬ 
flected,  the  hollow  electrode  collected  no 
charge. 

Today  this  seems  like  a  simple  experi¬ 
ment  indeed.  But  when  it  was  first  done, 
the  problems  of  getting  high  vacuum,  high 
potential  difference,  and  delicate  instru¬ 
ments  were  much  greater  than  they  are 
now.  Most  important  of  all  —  then  as  now 
—  it  requires  a  brilliant  mind  to  think  of  a 
new  experiment  such  as  this,  and  great  re¬ 
sourcefulness  to  carry  it  out. 


16-3  Thomson  investigates  the  mass 
and  charge  of  cathode-ray  particles.  J.  J. 

Thomson  went  even  farther  than  Perrin. 
Using  a  higher  vacuum  and  other  refined 
techniques,  Thomson  succeeded  in  deflect¬ 
ing  a  cathode  ray  by  passing  it  between  two 
oppositely  charged  metal  plates.  Because 
the  ray  consists  of  negative  particles,  it  was 
attracted  toward  the  positive  deflection 
plate  and  away  from  the  negative  one.  The 

Figure  16-3  In  Perrin's  experiment  the  dis¬ 
charge  from  the  cathode  went  toward  the 
anode.  A  small  part  of  the  discharge  entered 
the  hole  in  the  hollow  collecting  electrode. 
The  electroscope,  connected  to  the  collecting 
electrode,  indicated  that  a  negative  charge 
had  been  collected.  When  a  magnet  de¬ 
flected  the  ray  so  that  it  still  hit  the  positive 
electrode  but  not  the  hole  in  it,  the  collecting 
electrode  collected  no  charge  at  all. 
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Figure  16-4  This  diagram  shows  the  type 
of  discharge  tube  Thomson  used  for  some  of 
his  early  experiments.  The  cathode  at  the 
left  gives  off  particles,  which  make  up  a 
sharp,  well-defined  beam  as  they  pass  through 
the  two  slits.  The  beam  is  then  deflected  as  it 
goes  through  the  electric  field  between  the 
two  deflection  plates.  The  lower  dashed  line 
indicates  the  position  of  the  beam  when  there 
is  a  field. 


influence  of  a  magnetic  field  on  the  cathode 
ray  was  also  consistent  with  the  hypothesis 
that  it  consisted  of  negatively  charged  par¬ 
ticles.  The  big  question  now  was,  “What 
are  these  negatively  charged  particles?” 

To  tackle  this  problem,  Thomson  used 
apparatus  similar  to  that  of  Fig.  16-4.  The 
electric  field  between  the  plates  produced 
a  deflection  of  the  electron  stream,  and 
hence  of  the  bright  spot  which  it  produced 
on  the  end  of  the  tube.  From  what  you 
know  about  mechanical  and  electric  forces, 
you  can  see  that  the  deflection  is  greater 
when: 

1.  The  electric  field  is  greater; 

2.  The  charge  of  the  particle  is  greater; 

3.  The  length  of  the  plates  between 
which  the  stream  travels  is  greater. 

Also,  the  deflection  is  less  when: 

1.  The  mass  of  the  particles  (and  hence 
their  inertia)  is  greater; 

2.  The  velocity  of  the  particles  is  greater, 
resulting  in  a  smaller  interval  in  which 
they  are  between  the  plates. 

Three  of  the  quantities  involved  —  the 
deflection,  the  intensity  of  the  magnetic 
field,  and  the  intensity  of  the  electric  field 
—  were  easily  measured.  But  the  other 
three  —  the  mass,  the  charge,  and  the 
velocity  of  the  particles  —  were  not  easily 


measurable.  However,  Thomson  developed 
an  ingenious  way  of  measuring  the  velocity 
of  the  particles.  His  method  is  based  on 
the  combined  effects  of  electric  fields  and 
magnetic  fields  on  moving  charges.  This  is 
how  he  did  it: 

A  cathode-ray  tube  can  be  set  up  as  in 
Fig.  16-5  so  that  the  ray  can  be  deflected 
not  only  by  an  electric  field,  but  also  by  a 
magnetic  field.  Either  field  can  bend  the 
beam  of  charged  particles  up  or  down  de¬ 
pending  on  the  direction  of  the  field.  The 
amount  of  bending  depends  on  the  strength 
of  the  field.  The  bending  is  due  to  a  force 
acting  on  the  negative  charge  while  it 
passes  between  the  plates.  Thomson  knew 
that  the  force  F  on  a  charge  Q  ih  an  electric 
field  E  is 

F  =  EQ  (See  Chapter  10) 

He  also  knew  that  a  charge  Q  moving  at 
velocity  v  across  a  magnetic  field  B  experi¬ 
ences  a  force  F. 

F  =  BvQ  (See  Chapter  12  ) 


Fig  ure  16—5  With  apparatus  similar  to  this 
Thomson  noted  that  the  cathode  ray  was  bent 
through  the  angle  0  by  the  electric  field  be¬ 
tween  the  plates  when  there  was  no  magnetic 
field.  Then  he  adjusted  and  recorded  the  field 
strengths  until  0  became  zero.  From  the  data 
he  calculated  the  velocity  of  the  particles. 
From  the  value  of  6  he  calculated  m/e,  the 
ratio  of  the  mass  of  a  particle  to  its  charge. 


Between  the  plates 
the  magnetic  field  is 


ray  strikes  tube. 
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The  electric  field  and  the  magnetic  field 
in  Fig.  16-5  can  be  adjusted  so  that  the 
forces  they  produce  are  equal  and  oppo¬ 
site  —  so  there  is  no  deflection  at  all.  Under 
these  conditions  the  two  forces  are  equal,  so 


EQ  —  BvQ 

Then 

v  =  E/B 

Since  both  E  and  B  are  readily  measured, 
Thomson  could  solve  for  v,  the  velocity  of 
moving  charges.  The  figure  he  arrived  at 
was  roughly  3  X  107  m/ sec  —  an  amazingly 
high  velocity  —  about  1/10  the  speed  of 
light. 

Thomson  now  knew  the  velocity  of  the 
particles,  but  still  did  not  know  their  mass 
or  charge.  By  using  the  same  tube,  with 
an  electric  field  only,  he  was  able  to  meas¬ 
ure  the  deflection  of  the  ray,  and  from  this 
to  obtain  the  ratio  between  the  mass  and 
the  charge.  Since  the  mathematics  is  com¬ 
plex,  Thomson’s  derivation  is  not  given 
here.  He  calculated  the  ratio  of  mass  to 
charge  of  the  cathode-ray  particle  as  about 
10_11kg/C.  Now  at  this  time  the  smallest 
known  particle  was  the  hydrogen  atom  ( ac¬ 
tually  an  ion ) ,  for  which  the  corresponding 
ratio  was  about  1000  times  greater.  The 
clear  indication  was  that  either  the  mass  of 
the  cathode-ray  particle  was  extremely 
small,  or  its  charge  was  extremely  large. 

Thomson  developed  an  intricate  scheme 
for  determining  the  charge  of  the  electron, 
although  his  results  were  neither  consistent 
nor  reliable.  However,  they  clearly  indi¬ 
cated  that  the  charge  of  this  new  particle 
was  approximately  the  same  as  that  of  the 
hydrogen  ion.  From  this  it  followed  that 
the  mass  of  the  new  particle  was  vastly 
smaller  than  that  of  the  hydrogen  atom. 
Perhaps  atoms  were  not  the  smallest  build¬ 
ing  block  of  matter  after  all. 

Thomson  called  the  new  particle  the 
electron,  a  name  which  had  been  suggested 


some  time  before.  For  this  work  he  was 
knighted  and  in  1906  was  awarded  the 
Nobel  Prize  in  Physics. 


Self  Check 


1 .  In  what  way  was  thorough  research  into 
electric  currents  in  low-pressure  gases  de¬ 
pendent  on  technological  developments? 

2.  How  does  the  fact  that  cathode  rays  are 
deflected  as  they  move  across  a  magnetic 
field  suggest  that  they  are  charged  par¬ 
ticles  in  motion? 

3.  How  does  the  sketch  in  Fig.  16-1  suggest 
that  cathode  rays  are  negative  particles 
rather  than  positive  particles? 

4.  In  view  of  the  deflection  of  cathode  rays 
by  a  magnetic  field,  why  did  many  19th 
century  physicists  contend  that  they  were 
not  made  up  of  moving  charges? 

5.  How  did  the  observed  fact  that  cathode 
rays  could  penetrate  thin  layers  of  metal 
affect  the  controversy  about  the  nature  of 
the  cathode  rays? 

6.  How  did  Perrin  contribute  to  the  advancing 
frontier  of  knowledge  about  cathode  rays? 

7.  What  must  be  the  relationship  between  the 
directions  of  electric  and  magnetic  fields 
in  order  for  an  electron  to  pass  through 
them  both  without  deflection? 

8.  When  a  charged  particle  passes  through 
an  electric  field,  why  are  both  its  mass  and 
its  charge  influential  in  determining  how 
much  it  will  be  deflected? 

9.  What  was  the  major  significance  of  Thom¬ 
son’s  research  into  the  nature  of  cathode-ray 
particles? 


Problems 


1.  In  Fig.  16-4,  assume  the  electrons  are 
moving  at  a  speed  %  that  of  light.  For  how 
long  an  interval  is  each  electron  subject  to  the 
electric  field  if  the  plates  are  8.0  cm  long? 
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2.  If  the  potential  difference  between 
the  plates  in  Fig.  16—4  is  500  V  and  the  plates 
are  2.0  cm  apart,  what  is  the  intensity  of 
electric  field  expressed  in  V/m?  (The  field  in 
V/m  can  be  calculated  from  E  =  V/s) 

3.  In  Problem  2,  what  is  the  force  pro¬ 
duced  on  the  electron? 

4.  In  Problems  1  and  2,  what  is  the  ac¬ 
celeration  produced  on  the  electron? 

5.  In  Problems  1  and  2,  what  is  the  total 
deflection  as  the  electron  passes  between  the 
plates,  where  deflection  is  interpreted  as  the 
vertical  distance  moved  during  that  interval? 

6.  A  beam  of  electrons  moving  at  10% 
the  speed  of  light  goes  between  two  plates 
which  are  3  cm  apart  and  have  a  potential 
difference  of  600  V  between  them.  During  the 
time  the  electrons  are  between  the  two  plates 
they  experience  an  upward  force.  At  the  same 
time  they  cross  a  magnetic  field  whose  direc¬ 
tion  and  magnitude  are  such  as  to  produce  an 
equal  and  opposite  downward  force,  so  the 
beam  has  a  net  deflection  of  zero.  What  is 
the  flux  density  of  the  magnetic  field? 


Discussion  Questions 


1.  On  p.  376  it  was  pointed  out  that  the  fact 
that  cathode-ray  particles  penetrated  solids 
was  considered  partial  proof  that  the  rays 
were  electromagnetic  waves.  How  could  it 
be  argued  that  electromagnetic  waves  pene¬ 
trated  solids? 

2.  What  do  you  know  about  the  nature  of 
matter  —  knowledge  which  was  not  avail¬ 
able  to  Thomson  —  which  helps  explain 
how  electrons  can  penetrate  solid  matter? 

3.  In  Fig.  16-5  what  kind  of  charge  on  the 
plates  will  bend  the  ray  in  the  direction 
shown? 

4.  Examine  Fig.  16-5.  If  the  upper  plate  is 
positive  with  respect  to  the  lower  plate,  in 
which  direction  must  the  magnetic  field  be 
in  order  for  the  deflection  forces  due  to  the 
electric  and  magnetic  field  to  be  in  opposite 
direction? 


Precise  Measurements  of  the  Electron 


16-4  The  charge  of  the  electron  is  ac¬ 
curately  measured.  Thomson  had  con¬ 
vinced  the  scientific  world  that  cathode  rays 
were  made  up  of  moving  negative  charges, 
that  the  charges  moved  very  fast,  and  that 
they  were  a  thousand  or  more  times  smaller 
in  mass  than  the  hydrogen  ion.  In  short,  he 
had  identified  a  new  fundamental  particle, 
the  electron.  It  remained  for  an  American 
physicist,  Robert  Millikan,  to  make  highly 
precise  measurements  of  the  charge  of  the 
electron.  His  ingenious  technique,  called 
the  oil-drop  experiment,  is  as  interesting  as 
it  is  important. 

First,  consider  the  movement  of  spherical 
droplets  as  they  respond  to  gravity.  (As  is 
so  often  the  case,  a  very  advanced  experi¬ 
ment  —  this  one  in  particle  physics  —  has 


its  roots  deep  in  pure  mechanics.)  You 
might  expect  that  a  droplet  of  oil,  like  any 
other  falling  body,  would  undergo  uni¬ 
formly  accelerated  motion.  Actually,  be¬ 
cause  of  friction  with  the  air,  such  a  drop¬ 
let  very  soon  reaches  a  maximum  velocity 
determined  by  its  mass  and  size  and  by 
the  viscosity  of  the  air.  The  maximum 
velocity  which  a  falling  object  reaches 
when  falling  through  a  fluid  is  called  its 
terminal  velocity.  Raindrops  reach  a  termi¬ 
nal  falling  velocity  which,  fortunately,  is 
low  enough  that  they  do  not  injure  people 
on  whom  they  fall.  As  you  know,  droplets 
of  mist  have  a  much  lower  terminal  velocity; 
they  scarcely  seem  to  fall  at  all. 

When  a  falling  spherical  object  has 
reached  its  terminal  velocity,  the  force 
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which  makes  it  move  ( its  weight )  is  exactly 
equal  to  the  retarding  force,  which  is  pro¬ 
portional  to  its  velocity.  That  is: 

mg  =  kv 

where  in  is  the  sphere’s  mass,  g  is  the  ac¬ 
celeration  due  to  gravity,  v  is  the  terminal 
velocity,  and  k  is  a  constant  which  depends 
on  the  size  of  the  sphere  and  the  viscosity 
of  the  air. 

16-5  Millikan  measures  electron  charge 
and  mass  with  oil  drops.  The  equipment 
for  the  Millikan  oil-drop  experiment  to 
determine  the  charge  of  the  electron  is 
sketched  in  Fig.  16-6.  Oil  drops  are  pro¬ 
duced  by  an  ordinary  atomizer  above  the 
upper  plate,  and  a  few  of  them  slowly 
fall  downward  through  the  hole.  The 
space  between  the  plates  is  clean  air,  but 
it  is  protected  from  drafts  and  currents  by 
completely  enclosing  it.  A  bright  light 
shines  in  from  the  side  to  illuminate  the 
tiny  droplets,  and  their  behavior  is  observed 
through  a  calibrated  lens  system  —  really 
a  short-range  telescope. 


At  the  outset,  you  produce  some  oil  drop¬ 
lets  and  pick  out  one  through  the  telescope 
—  one  that  is  moving  fairly  rapidly,  but  not 
too  rapidly  to  follow,  for  you  wish  to  meas¬ 
ure  its  velocity.  Now  you  apply  a  potential 
difference  across  the  two  plates,  with  the 
top  one  being  positive.  Through  the  tele¬ 
scope  you  see  that  the  droplet  slows  in  its 
descent,  or  may  even  rise  against  the  force 
of  gravity.  This  is  true  because  the  drop¬ 
lets  carry  an  electrostatic  charge  acquired 
by  rubbing  against  the  nozzle  of  the  atom¬ 
izer.  If  the  droplet  you  have  picked  out 
does  not  happen  to  have  such  a  charge,  you 
select  another  one.  You  measure  two 
velocities,  one  ( vQ )  in  the  absence  of  an 
electric  field,  and  the  other  (vE),  with  field. 

Remember  that  when  a  sphere  reaches 
its  terminal  velocity,  the  force  which  makes 
it  move  is  equal  to  the  retarding  force.  For 
the  falling  droplet  without  a  field: 

mg  -  kv0 

where  k  is  a  constant  which  depends  on 
the  size  of  the  oil  droplet,  the  density  of 
the  oil,  the  viscosity  of  the  air,  and  other 


Figure  16-6  In  the  Millikan  oil-drop  experiment  a  few  oil  droplets  are  allowed  to  drift 
through  the  tiny  hole  in  the  upper  plate.  They  can  be  held  motionless,  or  allowed  to  drift 
down  or  up  by  regulating  the  direction  and  intensity  of  the  electric  field  between  the  plates. 
Their  behavior  is  observed  through  the  calibrated  telescope. 
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factors.  When  there  is  an  electric  field, 
however,  the  force  which  makes  the  drop¬ 
let  move  is  EQ  due  to  the  electric  field,  up¬ 
ward,  and  mg  due  to  gravity,  downward. 
Hence  the  net  force  producing  motion  is 
the  difference  between  the  two,  and  the 
relationship  between  motion-producing 
force  and  retarding  force  is: 

EQ  —  mg  =  kvs 
Adding  the  equations: 

mg  =  kvo 

EQ  —  mg  =  kvE 
EQ  =  k(vo  +  ve) 

All  the  terms  in  this  equation  except  Q  can 
be  measured  or  computed.  Therefore  Q, 
the  quantity  of  charge  on  the  oil  droplet 
you  are  observing,  can  be  calculated. 

Now  you  know  the  total  charge  that 
happens  to  be  on  this  particular  droplet, 
but  it  may  be  due  to  one  or  several  elec¬ 
trons.  How  do  you  find  the  charge  on  one 
electron?  It  is  as  though  you  had  many 
bags  each  with  a  different  number  of  iden¬ 
tical  balls.  You  can  weigh  the  bags,  but  yob 
cannot  see  inside  to  count  the  balls.  Milli¬ 
kan  solved  the  problem  by  repeated  meas¬ 
urements  of  charge  on  droplets.  He  and  his 
students  made  thousands  of  observations 
for  individual  droplets.  The  values  which 
they  obtained  were  something  like  these: 
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(Of  course  there  were  other  values  too. 
Besides,  they  were  not  all  so  even.  They 
have  been  rounded  off  here  for  the  sake  of 
simplicity  and  clarity.) 

Notice  two  things  about  this  set  of  data: 
there  is  no  value  lower  than  1.6  X  10“ 19  C, 


and  if  the  values  are  arranged  in  order, 
each  has  a  neighbor  above  and  below  it 
which  is  1.6  X  10“ 19  C  larger  or  smaller. 
This  suggests  that  the  basic  unit  of  charge 
is  1.6  X  10~19C.  This,  then,  must  be  the 
charge  on  the  electron.  Since  there  are  no 
values  of  charge  which  represent  fractions 
of  this,  the  electron  must  be  indivisible  and 
all  electrons  must  have  the  same  charge. 

Another  interesting  variation  to  this  ex¬ 
periment  makes  it  even  more  convincing. 
Once  in  a  while  an  oil  drop  you  are  watch¬ 
ing  will  suddenly  begin  to  rise  faster  than 
it  formerly  did,  or  perhaps  slower.  What 
has  happened?  You  can  conclude  that  it 
has  gained  an  electron  or  two  if  its  rate  of 
rise  increases,  or  that  it  has  lost  an  electron 
or  so  if  its  rate  of  rise  decreases.  Perhaps 
the  droplet  has  simply  captured  one  out  of 
the  air,  or  maybe  it  has  been  struck  by  a 
cosmic  ray  and  had  an  electron  knocked 
out  of  it.  You  can  make  this  happen  if  you 
carefully  insert  a  tiny  sample  of  radioactive 
material  into  the  observation  chamber. 
Whether  the  change  of  charge  happens 
naturally  or  with  your  help,  it  turns  out  to 
have  a  magnitude  of  1.6  X  10~19  C  or  a 
multiple  thereof. 

With  this  technique  and  later  refinements 
of  it,  measurements  of  this  important  physi¬ 
cal  quantity,  the  charge  of  the  electron,  are 
still  being  made  in  many  laboratories 
throughout  the  world.  The  accepted  value 
for  the  charge  of  the  electron  is  1.60210  X 

ur19  C. 


Do  It  Now 


Demonstrate  the  principle  of  deducing  the 
charge  of  an  electron  from  many  observations 
of  charge  on  droplets.  Make  a  weight  analogy 
using  golf  balls,  marbles,  or  other  similar  ob¬ 
jects,  and  paper  bags.  A  suitable  scale  is  also 
needed.  Perhaps  you  can  arrange  it  in  the 
form  of  a  class  puzzle. 
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Once  the  charge  of  an  electron  is  known, 
of  course,  its  mass  can  be  computed  from 
the  ratio  of  m/e  as  determined  by  Thomson. 
The  best  present  value  for  the  mass  of  the 
electron  is  9.11  X  10-31  kg. 

16-6  The  values  for  the  mass  and 
charge  of  an  electron  are  extremely  im¬ 
portant.  The  importance  of  man’s  knowl¬ 
edge  of  these  physical  constants  cannot  be 
overemphasized.  The  notion  of  a  particle 
of  matter  far  smaller  than  the  atom,  yet 
part  of  an  atom,  killed  forever  the  idea  that 
atoms  were  solid  little  balls.  This  paved 
the  way  for  the  modern  concept  of  atomic 
structure  as  a  compact  nucleus  surrounded 
by  much  space  and  a  few  electrons.  These 
conceptual  models  are  fundamental  to  an 
understanding  of  nuclear  energy.  Modern 
chemistry  could  not  exist  without  the  con¬ 
cept  of  the  electron,  and  needless  to  say, 
neither  could  electronics. 

Although  the  charge  and  the  mass  of  the 
electron  are  quite  precisely  known,  its  size 
is  not.  Considerable  talent  and  funds  are 
now  being  devoted  to  the  exploration  of 
the  electron’s  size.  Maybe  its  size  is  not 
constant,  or  maybe  it  is  a  “fuzzy  blob”  for 
which  definite  size  does  not  exist.  Or  per¬ 
haps  there  is  no  such  thing  as  size  for  an 
electron.  Possibly  scientists  should  not 
think  of  it  as  a  tiny  speck  of  matter  with 
charge,  mass,  and  shape.  It  might  be  that 
the  pure  conceptual  model  breaks  down 
here  and  one  should  think  of  an  electron  not 
in  terms  of  how  it  looks,  but  rather  in  terms 
of  how  it  behaves. 


Self  Check 


1 .  How  is  Millikan’s  oil-drop  experiment  based 
on  fundamental  mechanical  principles? 

2.  How  do  droplets  in  the  oil-drop  experiment 
acquire  their  electric  charge? 

3.  Why  is  it  not  necessary  to  measure  the 
mass  of  the  droplets  in  the  Millikan  oil 
drop  experiment? 
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4.  What  quantity  was  measured  by  the 
Millikan  oil-drop  experiment? 

5.  What  other  quantity  could  be  accurately 
determined  from  Millikan’s  experiment? 

6.  Why  did  accurate  measurement  of  charge 
and  mass  of  the  electron  force  a  change  in 
theories  about  the  atom? 


Problems 


If  an  oil  droplet  weighs  35  micrograms, 
what  is  the  retarding  force  in  newtons  when  it 
reaches  its  terminal  velocity? 


Discussion  Questions 


1 .  In  reviewing  the  experiments  of  Geissler, 
Crookes,  Thomson,  and  Millikan,  what  ex¬ 
amples  can  you  cite  in  which  the  scientific 
research  depended  heavily  on  technological 
competence? 

2.  It  is  said  that  a  typical  man  falling  without 
parachute  from  an  airplane  falls  no  faster 
than  about  200  mi/hr,  regardless  of  the 
height  from  which  he  falls.  How  do  you 
explain  this  in  terms  of  what  you  know 
about  uniformly  accelerated  motion  of 
freely  falling  bodies? 

3.  In  the  1930’s  the  charge  on  the  electron  was 
computed  in  a  different  way,  using  the  re¬ 
sults  of  experiments  designed  to  measure 
the  wavelength  of  x-rays.  This  new  value 
for  e  was  about  0.6%higher  than  Milli¬ 
kan’s.  Both  Millikan’s  experiment  and  the 
new  ones  had  been  done  very  carefully, 
and  a  measurement  error  this  large  seemed 
quite  improbable.  However,  in  calculating 
his  results,  Millikan  had  used  a  number  of 
constants  measured  by  other  people.  Even¬ 
tually  it  was  discovered  that  one  of  these 
had  been  inaccurately  measured.  When 
the  correct  value  was  used  with  Millikan’s 
data,  his  results  agreed  with  those  from  the 
newer  experiments.  Reread  the  account  of 
Millikan’s  experiment,  and  list  the  constants 
he  used  that  he  did  not  measure  himself 
during  the  experiment. 
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Acceleration  of  Charged  Particles 


16-7  High-energy  particles  aid  in  the 
study  of  other  particles.  One  of  the  most 
active  frontiers  of  physics  today  is  that  of 
particle  research  —  the  study  of  particles 
which  make  up  atomic  nuclei,  and  of  high- 
energy  particles  which  make  up  cosmic 
rays,  as  well  as  the  effects  of  particles  on 
other  particles. 

What  kinds  of  tools  are  needed  to  probe 
subatomic  particles?  One  technique  is  to 
bombard  the  nuclei  of  atoms  with  “bullets” 
whose  energy  is  great  enough  to  alter  the 
nucleus.  The  “bullets”  themselves  must  be 
subatomic  particles  —  protons,  neutrons, 
deuterons,  alpha  particles,  etc.  Also  needed 
is  a  “gun”  to  fire  the  “bullets”  —  that  is,  an 
accelerator  to  direct  the  subatomic  parti¬ 
cles  at  high  speed  toward  their  target.  For 
obvious  reasons  such  particle  accelerators 
have  often  been  called  “atom  smashers.” 
An  accelerator  is  a  device  designed  to  ac¬ 
celerate  subatomic  particles  up  to  enormous 
velocities  and  deliver  them  to  the  desired 
place  under  controlled  conditions. 

16-8  The  Van  de  Graaff  generator  ac¬ 
cumulates  electric  charge  mechanically. 

Particle  accelerators  use  electric  fields  to 
set  electric  charges  in  motion.  If  an  elec¬ 
tron  (or  any  other  particle  of  one  unit  of 
negative  or  positive  charge)  is  accelerated 
through  a  potential  difference  of  1,000,000 
volts,  it  acquires  an  energy  of  1,000,000 
electron  volts.  The  problem  is,  how  does 
one  prepare  such  a  strong  electric  field? 
How  can  one  electrode  of  an  accelerator  be 
given  a  potential  of  1,000,000  volts  with 
respect  to  another  electrode?  If  you  rub  a 
plastic  rod  with  fur,  the  rod  becomes 
charged  negatively  and  the  fur  positively. 
Now  if  you  touch  an  insulated  metal  sphere 
with  the  rod,  you  give  the  sphere  a  nega¬ 


tive  charge.  If  you  touch  a  similar  metal 
sphere  with  the  fur,  you  give  that  sphere  a 
positive  charge.  You  might  continue  the 
process,  first  rubbing  the  rod  with  the  fur 
and  then  adding  to  the  charges  on  the 
spheres,  until  there  is  a  potential  differ¬ 
ence  of  several  thousand  volts  between  the 
two  spheres.  This  is  the  principle  of  the 
generator  developed  in  1931  by  Van  de 
Graaff  at  Princeton  University. 

A  Van  de  Graaff  generator  uses  an  end¬ 
less  belt  to  carry  charges  —  positive  in  some 
machines,  negative  in  others  —  to  the  inside 
of  a  hollow  metal  sphere.  When  they  ar¬ 
rive  on  the  inside  of  the  sphere,  they  are 
conducted  to  the  outside  surface,  where 
they  are  stored.  As  shown  in  Fig.  16-7, 
the  initial  charge  is  supplied  by  batteries  or 
some  other  source  of  perhaps  10,000  to 

Figure  16-7  This  diagram  of  a  Van  de 
Graaff  generator  shows  that  basically  it  is 
an  endless  belt  which  carries  charges  (either 
positive  or  negative)  from  the  source  below  to 
the  metal  sphere  above.  The  sphere  is  sup¬ 
ported  by  a  nonconducting  structure. 


ground 
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Figure  16-8  This  diagram  suggests  how  a  Van  de  Graaff  generator  might  be  used  in  a 
simple  particle  accelerator.  Notice  that  the  accelerating  anode  is  a  hollow  sleeve.  There¬ 
fore,  the  particles  are  accelerated  by  the  anode  and  go  through  it  to  the  target. 


50,000  volts  potential.0  The  charge  is  trans¬ 
ferred  to  the  moving  belt  from  a  set  of 
sharpened  metal  points  which  do  not  quite 
touch  the  belt.  (Charges  at  high  potential 
tend  to  leak  into  air  from  sharp  points.) 
The  belt,  a  rubber  or  plastic  band  moving 
perhaps  80  to  100  m/ sec,  carries  the  charges 
upward  where  they  are  removed  by  the 
upper  set  of  sharpened  metal  points.  If  the 
sphere  is  very  large  and  highly  polished,  the 
potential  difference  between  the  sphere  and 
the  bottom  of  the  generator  can  be  made 
as  high  as  6  or  8  million  volts  without 
having  an  uncontrolled  spark  discharge 
from  the  outside  of  the  sphere. 

°  In  very  small,  demonstration-type  Van  de 
Graaff  generators,  this  initial  charge  is  usually 
supplied  by  the  rubbing  action  (static  electricity) 
of  the  belt  on  the  lower  drum. 


16-9  The  linear  accelerator  uses  alter¬ 
nating  electric  fields  to  accelerate  particles. 

The  Van  de  Graaff  generator  can  be  used 
as  an  accelerator  for  apparatus  such  as 
that  shown  in  Fig.  16-8.  This  is  really  noth¬ 
ing  but  a  glorified  cathode-ray  tube  (or  a 
tube  for  any  charged  particle).  To  ac¬ 
celerate  the  particles  up  to  extremely  high 
speeds  it  is  necessary  to  have  a  high  poten¬ 
tial  difference  between  the  cathode  and  the 
hollow  anode  sleeve.  A  Van  de  Graaff 
generator  is  a  typical  source  of  high  poten¬ 
tial  difference  in  applications  such  as  this. 

At  first  glance  it  might  appear  that  the 
maximum  potential  difference  that  can  be 
used  in  such  an  accelerator  is  that  which 
a  Van  de  Graaff  or  similar  generator  can 
produce.  This  is  of  the  order  of  magnitude 


Figure  16—9  This  linear  accelerator  uses  a  series  of  hollow  sleeves.  A  negative  particle  is 
accelerated  by  the  positive  potential  of  sleeve  No.  1.  While  it  coasts  inside  No.  1,  the 
potentials  reverse.  When  it  emerges  from  No.  1,  No.  2  has  become  positive  and  No.  1  is 
negative.  Thus  the  particle  is  accelerated  toward  No.  2.  Successive  sleeves,  and  the  spaces 
between  them,  are  longer  because  the  particle  is  moving  faster  as  it  gets  farther  and  farther 
from  the  source. 


energy  source 


target  to  be 
bombarded 
by  particles 
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of  several  millions  of  volts.  However,  this 
available  potential  difference  can  be  multi¬ 
plied  in  a  particle  accelerator.  One  device 
which  permits  this  is  the  linear  accelerator. 

In  thinking  about  a  linear  accelerator,  it 
is  important  to  realize  that  in  Fig.  16-8 
the  particle  experiences  an  accelerating 
force  only  when  it  is  between  the  source 
of  particles  and  the  accelerating  electrode. 
Once  inside  the  sleeve  it  merely  coasts.  The 
potential  of  the  sleeve  can  be  reduced  or 
even  reversed  without  affecting  the  parti¬ 
cle.  In  a  linear  accelerator  this  is  precisely 
what  happens.  In  Fig.  16-9,  assume  that  the 
potential  difference  available  is  1,000,000 
volts.  As  the  electron  accelerates  between 
the  source  and  sleeve  No.  1,  it  acquires 
1,000,000  electron  volts  (ImeV)  of  energy. 
While  it  is  inside  the  first  sleeve,  the  polar¬ 
ity  of  the  sleeve  reverses  because  the  poten¬ 
tial  difference  is  supplied  by  a  high  fre¬ 
quency  alternating  source.  Now  the  first 
sleeve  is  1,000,000  volts  negative  with  re¬ 
spect  to  the  second  sleeve.  As  the  electron 
coasts  out  of  the  first  sleeve  it  is  again 
accelerated  by  a  potential  difference  of 
1,000,000  volts.  By  the  time  it  gets  inside 
sleeve  No.  2  it  has  a  velocity  corresponding 
to  an  energy  of  2  meV.  This  process  is  re¬ 
peated  down  the  line  of  sleeves  whose 
potential  is  constantly  reversing. 

Linear  accelerators  can  be  used  to  pro¬ 
vide  high  velocities  for  any  kind  of  charged 
particles.  The  resulting  beam  of  particles 
is  easily  controlled  and  concentrated  on  its 
target.  At  present  the  largest  linear  acceler¬ 
ators  provide  particles  whose  energy  is  of 
the  order  of  a  billion  electron  volts. 

16-10  The  cyclotron  guides  charged 
particles  by  using  a  magnetic  field.  The 
cyclotron,  invented  by  Lawrence  at  the 
University  of  California  in  1930,  was  the 
first  of  the  really  big  “atom  smashers.”  This 
device  accelerates  positively  charged  parti¬ 
cles  (usually  protons)  from  one  charged 
electrode  to  another,  just  as  does  a  linear 


accelerator.  As  in  the  linear  accelerator, 
the  electrodes  are  hollow.  During  most  of 
the  time  the  particles  are  inside  the  elec¬ 
trodes;  their  speed  increases  only  while  they 
are  between  the  charged  electrodes.  Unlike 
the  linear  accelerator,  however,  the  cyclo¬ 
tron  uses  only  two  accelerating  electrodes. 
It  gives  the  particles  repeated  “kicks”  by 
guiding  them  back  and  forth  from  one 
electrode  to  the  other.  Although  accelera¬ 
tion  is  accomplished  by  the  charges  on  the 
electrodes,  the  guidance  of  the  charged 
particles  is  done  by  means  of  a  magnetic 
field. 

The  method  of  operation  of  a  cyclotron  is 
shown  in  Fig.  16-10.  Charged  particles 
enter  the  cyclotron  almost  at  the  center, 
between  two  electrodes  shaped  like  hollow 
half-pillboxes  and  referred  to  as  “dees”  be¬ 
cause  of  their  resemblance  to  the  letter 
“D.”  At  the  instant  shown,  a  proton  is  ac¬ 
celerated  toward  the  upper  dee  which  is 
now  negative.  However,  inside  the  dee 
there  is  a  strong  magnetic  field  perpendicu¬ 
lar  to  the  plane  of  the  dees,  so  the  proton 

Figu  re  16-10  This  diagram  illustrates  the 
basic  operation  of  a  cyclotron.  Particles  are 
accelerated  by  the  field  between  the  hollow 
dees,  and  kept  in  a  curved  path  —  an  out¬ 
ward  spiral  —  by  a  magnetic  field  perpen¬ 
dicular  to  the  plane  of  their  motion. 
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follows  a  tight  circular  path  until  it  has 
turned  180°.  It  is  now  ready  to  cross  the 
gap  between  dees.  However,  the  potential 
between  dees  has  reversed  so  that  the  lower 
one  is  now  negative  with  respect  to  the 
upper  one.  Hence  the  charge  is  accelerated 
as  it  crosses  the  gap.  Having  now  a  higher 
velocity,  it  moves  in  a  slightly  larger  circle. 
After  another  half -revolution  the  same  pro¬ 
cedure  is  repeated.  The  particle  thus  moves 
in  an  outward  spiral.  The  potential  differ¬ 
ence  between  the  dees  may  be  100,000 
volts  or  so.  Thus  by  the  time  the  particle 
has  made  many  trips,  it  has  an  energy  of 
many  million  electron  volts.  Modern  modi¬ 
fications  of  the  cyclotron  can  accelerate 
particles  such  as  protons,  deuterons,  and 
alpha  particles  up  to  speeds  corresponding 
to  about  500  meV. 


Do  It  Now 


2.  During  what  part  of  its  path  in  a  cyclotron 
is  a  particle  accelerated? 

3.  As  a  proton  spirals  at  a  faster  and  faster 
speed  in  a  cyclotron,  it  still  takes  the  same 
time  to  cover  each  half-circle  because  it 
has  to  go  a  greater  distance.  Why  does  this 
fact  make  operation  of  the  cyclotron  sim¬ 
pler  than  it  would  otherwise  be? 

16-11  The  betatron  accelerates  elec¬ 
trons  by  a  changing  magnetic  field.  The 
betatron  is  a  special  kind  of  vacuum  tube 
which  can  accelerate  electrons  up  to  ener¬ 
gies  corresponding  to  about  100  meV.  It 
is  not  as  powerful  as  cyclotrons  and  other 
large  accelerators,  and  it  is  much  smaller 
and  far  less  expensive  to  build.  Its  name 
comes  from  the  fact  that  it  accelerates  elec¬ 
trons,  which  are  also  called  beta  rays. 

The  operation  of  a  betatron  is  diagramed 
in  Fig.  16-11.  A  doughnut-shaped  vacuum 
tube,  which  corresponds  to  the  secondary 
winding  of  a  transformer,  is  placed  between 


iron  core 


ring- 
shaped 
tube 

circling  electrons 

x-ray 

beam 


1 .  In  some  respects  the  cyclotron  is  much  like 
the  linear  accelerator.  What  part  of  a 
linear  accelerator  corresponds  to  the  gap 
between  the  dees  of  the  cyclotron?  What 
part  of  a  linear  accelerator  corresponds  to 
the  path  of  a  particle  inside  the  dees? 


Figure  16-11  The  betatron  resem¬ 
bles  a  transformer,  with  the  sec¬ 
ondary  winding  consisting  of  a 
circling  beam  of  electrons  inside 
an  evacuated  tube.  An  electron 
gun  sealed  into  the  tube  is  the 
source  of  the  electrons.  When 
they  are  going  very  fast,  they  hit 
a  target,  also  inside  the  tube, 
and  produce  a  powerful  x-ray 
beam. 

target 


electron  gun 


The  coil  for  energizing  the  betatrc 
has  thousands  of  turns.  The  simili 
coil  on  the  other  side  is  cut  awe 
to  show  the  structure. 
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the  pole-pieces  of  a  large  electromagnet. 
This  is  commonly  energized  by  60-cycle 
current.  Electrons  are  injected  into  the 
betatron  with  velocities  corresponding  to 
some  50,000  eV.  They  are  then  accelerated 
during  the  quarter-cycle  ( 1/240  sec )  while 
the  magnetic  flux  grows  from  0  to  maxi¬ 
mum.  They  are  accelerated  because  they 
represent  a  “loop  of  conductor”  through 
which  magnetic  flux  is  changing.  (Remem¬ 
ber  from  Chapter  12,  V  =  y~).  During 

this  time  an  electron  may  make  a  quarter- 
million  round  trips  acquiring  energy  up  to 
100  meV.  They  are  then  deflected  to  hit  a 
target.  Note  that  the  electrons  are  acceler¬ 
ated  by  changes  in  magnetic  field  but  are 
kept  in  a  circular  path  by  the  existence  of 
the  magnetic  field. 

16-12  The  synchrotron  uses  both 
charged  electrodes  and  changing  magnetic 
fields.  As  you  have  seen,  the  cyclotron 
permits  particles  to  follow  an  ever-widening 
spiral  as  they  are  accelerated.  In  the  beta¬ 
tron,  however,  the  path  of  the  whirling 
electrons  is  kept  at  constant  radius  by  vary¬ 
ing  the  intensity  of  the  magnetic  field  as 
the  particle  increases  its  velocity.  In  the 
linear  accelerator  and  the  cyclotron,  ac¬ 
celeration  is  produced  by  charged  elec¬ 

Figure  16—12  This  synchrotron  at  the  Uni¬ 
versity  of  California  is  called  a  bevatron  be¬ 
cause  it  accelerates  particles  to  6  billion 

electron  volts  (beV). 


trodes;  in  the  betatron,  acceleration  results 
from  a  changing  magnetic  field  within  the 
doughnut-shaped  betatron  tube.  The  most 
powerful  accelerators  in  use  today  employ 
both  of  these  techniques  to  control  particles 
—  charged  electrodes  and  changing  mag¬ 
netic  fields.  Charged  electrodes  accelerate 
the  particles  as  they  whirl  repeatedly  about 
a  near-circular  path,  while  a  changing  mag¬ 
netic  field  keeps  them  in  the  same  path 
revolution  after  revolution. 

There  are  other  complications,  too.  As 
particles  approach  the  speed  of  light,  their 
mass  increases  (see  Chapter  4).  Thus  the 
energy  added  to  them  by  the  accelerating 
fields  is  not  entirely  represented  by  in¬ 
creased  velocity,  but  in  part  by  increased 
mass.  That  is,  the  increase  in  velocity  of 
such  particles  is  less  than  would  be  ex¬ 
pected  were  it  not  for  the  relativistic  mass 
increase.  To  deal  with  this,  the  rate  of  al¬ 
ternation  of  potential  difference  on  the  ac¬ 
celerating  electrodes  must  be  decreased  as 
the  particles  get  nearer  and  nearer  to  the 
speed  of  light.  Because  of  this  synchro¬ 
nization  of  electrode  frequency  and  mov¬ 
ing  particle,  accelerators  such  as  these  are 
called  synchrotrons  (Fig.  16-12). 


Self  Check 


1 .  Why  do  scientists  wish  to  accelerate 
charged  particles? 

2.  Where  does  a  Van  de  Graaff  generator  get 
the  original  charge  that  is  carried  on  the 
moving  belt  up  to  the  sphere? 

3.  How  does  a  linear  accelerator  effectively 
multiply  the  potential  difference  of  its 
source  of  electric  energy? 

4.  What  is  the  advantage  of  accelerating  parti¬ 
cles  in  a  circular  or  spiral  path? 

5.  In  d  cyclotron  in  which  the  magnetic  field 
is  constant,  why  do  whirling  particles  follow 
a  spiral  path  rather  than  one  of  repeating 
circles? 
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6.  In  a  betatron  and  a  synchrotron,  how  are 
accelerating  particles  kept  from  following  a 
path  of  an  expanding  spiral? 

7.  How  does  the  betatron  differ  from  the 
cyclotron  in  its  method  of  producing  ac¬ 
celeration  of  charged  particles? 

8.  Which  of  the  types  of  accelerator  discussed 
in  this  section  is  designed  to  work  with 
particles  that  show  an  appreciable  increase 
in  mass  due  to  high  velocity? 


389 

where  the  velocity  of  the  particle  is  1.0%  of 
the  speed  of  light? 

2.  Assume  that  in  a  certain  kind  of  ac¬ 
celerator  the  effects  of  increase  of  mass  with 
increasing  velocity  are  not  troublesome  until 
the  speed  is  95%  of  the  speed  of  light.  How 
much  energy  can  be  given  to  an  electron  be¬ 
fore  trouble  is  encountered?  How  much  energy 
can  be  given  to  a  proton? 


Problems 


Discussion  Questions 


1 .  In  a  certain  linear  accelerator,  the 
fourth  sleeve  is  3.0  cm  long,  and  the  velocity 
of  a  particle  within  it  is  known  to  be  2.0  X  105 
m/sec.  Find  the  length  of  a  sleeve  at  a  point 


1 .  Why  cannot  neutrons  be  accelerated  in  the 
machines  discussed  in  this  section? 

2.  In  a  Van  de  Graaff  generator,  what  is  the 
source  of  the  energy  represented  by  the 
stored  charge? 


Semiconductors 


During  the  last  quarter-century  there  has 
been  increasing  emphasis  on  a  field  known 
as  solid-state  physics.  Solid  state,  of  course, 
refers  to  solids,  as  contrasted  with  liquids 
and  gases.  Solids  have  many  important 
physical  properties  —  hardness,  thermal 
conductivity,  and  others.  Solid-state  phys¬ 
ics  is  concerned  with  the  structure  and  be¬ 
havior  of  atoms  and  molecules  in  solids,  for 
this  structure  and  behavior  determine  the 
physical  properties.  Research  in  solid-state 
physics  is  already  producing  many  practical 
applications  in  such  areas  as  transistors, 
thermoelectric  devices,  and  crystallography. 

16-13  Semiconductor  elements  belong 
to  a  certain  group.  You  already  know  that 
different  materials  vary  greatly  in  their 
ability  to  conduct  electricity.  They  range 
from  extremely  good  conductors  to  ex¬ 
tremely  poor  conductors  (excellent  insula¬ 
tors).  A  great  many  materials  lie  some¬ 


where  between  these  extremes.  Of  special 
interest  are  the  recently  explored  semi¬ 
conductors.  The  semiconductor  elements 
are  all  members  of  the  same  chemical 
group.  (Chemists  call  this  Group  IVa.) 
The  feature  which  they  have  in  common 
relates  to  their  atomic  structure. 

As  you  know,  an  atom  has  a  central  nu¬ 
cleus  containing  protons  and  neutrons,  with 
electrons  orbiting  around  it.  These  orbit¬ 
ing,  or  planetary,  electrons  may  be  thought 
of  as  being  in  various  energy  levels;  often 
it  is  said  that  they  are  arranged  in  con¬ 
centric  shells.  The  innermost  shell,  or  low¬ 
est  energy  level,  has  room  for  two  elec¬ 
trons,  and  the  next  one  has  room  for  eight. 
Oxygen,  for  example,  has  a  total  of  eight 
electrons;  two  are  in  the  inner  shell  and  six 
in  the  outer  shell,  where  there  is  room  for 
eight.  Representations  of  the  oxygen  atom 
and  the  mercury  atom  are  illustrated  in 
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Figure  16—13  At  left  is  a  diagram  of  an  atom  of  oxygen.  Its  eight  planetary  electrons  are 
arranged  two  in  the  first  shell,  and  six  in  the  second,  where  there  is  room  for  eight.  In  the 
mercury  atom  at  right,  the  80  planetary  electrons  are  arranged  in  shells  of  2,  8,  18,  32, 
1  8,  and  2.  This  outermost  shell  has  room  for  eight  electrons.  The  concentric  circles  shown 
do  not  represent  the  paths  of  electron  orbits,  but  rather  the  energy  levels  of  the  various 
groups  of  electrons. 


Fig.  16-13.  Almost  all  atoms  have  room  for 
just  eight  electrons  in  the  outer  shell. 

The  semiconductor  elements  all  have 
four  electrons  in  the  outermost  shell.  When 
a  semiconductor  element  such  as  germa¬ 
nium  is  in  crystal  form,  the  four  outer  elec¬ 
trons  are  shared  by  neighboring  atoms,  thus 
creating  filled-up  shells,  as  suggested  in 
Fig.  16-14.  Since  all  the  outer-shell  elec¬ 
trons  are  bound  into  this  interlocking  struc¬ 
ture,  none  of  them  is  free  to  move.  Indeed, 
if  semiconductor  elements  are  extremely 
pure,  they  are  essentially  insulators. 

16-14  Certain  impurities  contribute  ex¬ 
tra  electrons.  If  a  very  small  amount  of 
certain  impurities  is  added  to  a  semicon¬ 
ductor  crystal,  such  as  germanium  (Ge),  it 
behaves  quite  differently  from  pure  germa¬ 
nium;  the  process  of  adding  these  impuri¬ 
ties  is  called  doping.  Consider  the  element 
arsenic  (As),  much  like  germanium,  but 
which  has  five  electrons  in  the  outer  shell. 
The  result  of  traces  of  this  kind  of  im¬ 


purity  is  shown  in  Fig.  16-14a.  Notice  that 
there  is  an  electron  which  has  no  place  in 
the  crystal  structure  and  thus  is  relatively 
free  to  move  about  within  the  crystal.  In¬ 
deed,  it  behaves  much  like  a  free  electron. 
This  makes  the  doped  germanium  a  moder¬ 
ately  good  conductor  of  electric  current. 

Impurities  which  provide  extra  electrons 
are  known  as  donors  Semiconductor  ele¬ 
ments  which  have  been  doped  with  donor 
impurities  are  conductors  because  of  the 
presence  of  negative  carriers  of  current, 
that  is,  electrons.  Hence  such  materials  are 
referred  to  as  n-type  semiconductors 

16-15  Certain  other  impurities  con¬ 
tribute  positive  carriers.  What  happens 
when  a  germanium  or  other  semiconductor 
crystal  is  doped  with  a  suitable  element 
which  has  only  three  electrons  in  its  outer 
orbit?  Aluminum  and  indium  are  such  im¬ 
purities.  The  result  is  shown  in  Fig.  16 -14b. 
Here  the  impurity  provides  the  germanium 
with  vacant  spots  in  the  crystal  structure, 
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Figure  16-14  In  these  drawings,  the  electrons  in  the  outer  shells  of  each  atom  are  repre¬ 
sented  by  dots.  Each  electron  belongs  to  the  atom  to  which  it  is  attached  by  the  solid  line. 
At  the  same  time  the  electron  is  shared  by  the  atom  to  which  it  is  attached  by  a  dashed  line. 
In  a  pure  crystal  of  germanium  every  atom  thus  has  4  electrons  of  its  own,  plus  4  shared 
electrons,  which  complete  the  outer  shell.  In  a  an  atom  of  arsenic,  with  5  outer-shell  elec¬ 
trons,  provides  an  extra  electron.  In  b  an  atom  of  aluminum,  with  only  3  outer-shell  elec¬ 
trons,  creates  a  hole  in  the  crystal.  The  extra  electrons  and  also  the  holes  act  as  current 
carriers  in  semiconductors. 


literally  holes.  Can  these  holes  act  as  elec¬ 
tric  carriers  in  a  manner  similar  to  excess 
electrons?  Can  vacancies  —  literally  noth¬ 
ing  —  play  an  active  part  in  the  explana¬ 
tion  of  semiconductor  behavior?  They  can. 

To  see  how  a  hole  can  move,  look  at  Fig. 
16-15.  In  line  1,  the  first  student  has  an 
empty  desk  behind  him.  The  next  student 


moves  up  to  fill  the  hole,  leaving  a  hole  be¬ 
tween  the  second  and  third  students.  Now 
the  third  student  moves  up,  and  the  empty 
desk  travels  toward  the  right  one  more 
step.  You  can  think  of  the  action  as  that  of 
students  moving  from  right  to  left  or  of  the 
empty  desk  in  the  line  moving  from  left  to 
right.  In  the  same  way,  the  holes  in  a 


Figure  16-15  This  diagram  shows  how  a  “hole”  in, a  line  of  students  at  desks  can  move. 
Actually,  of  course,  the  “hole”  movement  from  left  to  right  can  be  explained  in  terms  of 
students  moving  from  right  to  left.  In  transistor  theory,  however,  it  is  useful  to  keep  one’s 
attention  on  the  holes  in  p-type  semiconductors. 
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crystal  can  move.  Consider  the  hole  in 
Fig.  16-14b,  for  example.  If  the  germanium 
crystal  is  connected  to  a  battery  so  that  the 
right  side  of  the  crystal  is  negative  and  the 
left  side  positive,  an  electric  field  is 
created  that  tends  to  force  electrons  from 
right  to  left.  As  a  result,  the  electron  on 
the  right  of  the  hole  may  jump  over  into  the 
hole.  The  hole  moves  one  step  to  the  right. 
The  next  electron  jumps  in,  and  the  next, 
and  the  next.  The  hole  migrates  to  the  right 
across  the  crystal. 

Holes  may  be  considered  to  have  a  posi¬ 
tive  charge.  Remember,  in  the  analysis 
above  and  in  Fig.  16-14b,  the  holes  do 
migrate  toward  the  negative  battery  termi¬ 
nal  at  the  right.  Actually,  of  course,  the 
holes  are  nothing  and  can  have  no  charge. 
But  compared  to  electrons,  zero  charge  is 
positive.  In  a  similar  way,  a  penniless  beg¬ 
gar  is  wealthy  compared  to  the  financier 
who  is  deep  in  debt. 

Impurities  which  contribute  holes  to 
semiconductor  materials  are  said  to  be 
acceptors.  Semiconductor  crystals  which 
are  doped  with  acceptor  impurities,  and 
which  therefore  have  holes  as  carriers  in 
the  crystal  structure,  are  referred  to  as 
p-type  semiconductors.  They  have  posi¬ 
tive  carriers  which  move  toward  a  negative 
potential,  as  contrasted  to  the  negative  car¬ 
riers  ( electrons )  of  n-type  germanium, 
which  move  toward  a  positive  potential. 
In  many  ways  n-type  germanium  and 


p-type  germanium  may  be  considered  as 
electrical  opposites. 

Physicists  think  of  these  explanations  of 
the  behavior  of  semiconductors  as  a  con¬ 
ceptual  model.  The  model  may  not  be 
complete  in  every  detail.  For  that  matter, 
it  may  well  be  that  a  simple  mechanical 
model  is  as  impossible  here  as  when  you 
were  studying  nuclear  reactions.  But  the 
conceptual  model  often  acts  as  a  guide  and 
has  great  values,  particularly  when  you  re¬ 
member  its  limitations. 

16-16  A  semiconductor  junction  passes 
current  in  one  direction  only.  Suppose  a 
piece  of  n-type  germanium  and  one  of 
p-type  germanium  are  in  intimate  electric 
contact,  as  shown  in  Fig.  16-16.  How  will 
they  behave  as  part  of  a  circuit?  The  re¬ 
sults  may  be  surprising;  they  are  certainly 
useful.  In  Fig.  16-16a  the  n-section  is  con¬ 
nected  to  the  negative  terminal  of  a  dry 
cell,  and  the  p-section  to  the  cell’s  positive 
terminal.  In  this  electric  field,  the  negative 
carriers  ( electrons )  and  the  positive  carriers 
(holes)  are  both  forced  toward  the  p-n 
junction.  At  the  boundary  surface,  elec¬ 
trons  from  the  n-section  move  into  the  holes 
in  the  p-section.  A  p-n  junction  subjected 
to  this  electric  polarity  is  said  to  be  “biased 
in  the  forward  direction”  or  “front -biased.” 
At  a  front-biased  junction,  electrons  flow 
from  the  n-section  to  the  p-section.  This 
electron  flow  is  electric  current. 


Figure  16-16  a.  In  this  circuit,  negative  and  positive  carriers  are  drawn  toward  the  junc¬ 
tion.  There  the  electrons  jump  into  the  holes,  creating  a  current,  b.  Here  both  kinds  of 
carriers  are  attracted  away  from  the  junction,  so  there  is  no  current. 
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In  Fig.  16-16b,  on  the  other  hand,  the 
connections  to  the  cell  are  reversed.  Now 
both  positive  and  negative  carriers  are 
forced  away  from  the  p-n  junction.  Neither 
electrons  nor  holes  can  now  cross  the 
boundary  surface  and  current  is  essentially 
zero.  A  p-n  junction  subjected  to  such  an 
electric  polarity  is  said  to  be  “back -biased” 
or  “reverse-biased.” 

This  principle  of  one-way  current  under¬ 
lies  the  operation  of  semiconductor  recti¬ 
fiers,  which  are  made  from  n-  and  p-doped 
pieces  of  semiconductor  crystal  in  intimate 
contact  with  each  other.  A  semiconductor 
rectifier  behaves  much  like  a  vacuum  tube 
diode  and  is  referred  to  as  a  crystal  diode. 
The  n-section  is  frequently  called  the  cath¬ 
ode  of  the  diode,  and  the  p-section  the 
anode.  Diodes  like  these  are  extremely  use¬ 
ful  in  radio  circuits  and  as  rectifiers  in  alter¬ 
nating-current  measuring  instruments  (see 
Chapter  13). 


Do  It  Now 


Invent  a  kind  of  “people  analogy”  to  the 
semiconductor  junction  just  described.  You 
might  do  it  with  one  county  where  there  are 
nothing  but  bill  collectors,  and  an  adjacent 
county  where  there  are  nothing  but  people 
who  want  to  pay  their  bills. 


16-17  Transistors  are  made  of  semi¬ 
conductors.  A  p-n  junction  of  semiconduc¬ 
tors  permits  electrons  to  flow  when  front- 
biased  but  not  when  back-biased.  It 
behaves  much  as  does  a  vacuum  tube 
diode.  A  third  section  can  be  added  to  a 
crystal  diode  to  make  it  into  a  device  capa¬ 
ble  of  electronic  control  functions.  Such  a 
three-section  semiconductor  device  is  called 
a  transistor. 

The  structure  of  a  common  transistor  is 
shown  in  Fig.  16-17a.  Note  that  there  are 
three  sections  assembled  like  a  sandwich. 
On  the  left  is  a  section  of  n-type  germanium 
termed  the  emitter.  At  the  right  is  another 
n-section  called  the  collector.  Although 
these  look  alike  in  the  diagram,  there  is 
usually  a  difference  in  the  exact  way  they 
are  doped;  they  are  not  interchangeable. 
Between  the  two  is  a  very  thin  p-type  sec¬ 
tion  called  the  base.  The  entire  device 
may  be  the  size  of  a  pin  head.  Commercial 
transistors  are  usually  embedded  in  plastic 
or  encased  in  metal.  The  complete  device 
is  scarcely  bigger  than  half  a  pea. 

The  principles  that  underlie  the  opera¬ 
tion  of  a  transistor  are  the  same  as  those 
of  the  crystal  diode.  Figure  16-18  shows 
how  a  transistor  is  connected  in  a  simple 
circuit.  Note  that  the  right  junction  is 
back-biased,  while  the  left  one  is  not  biased 
at  all  because  the  switch  is  open.  The  dis- 


F'9  ure  16—17  a.  This  is  a  diagram  of  the  construction  of  a  typical  transistor.  Actually 
there  are  differences  between  the  emitter  and  the  collector  so  they  are  not  usually  inter¬ 
changeable  as  the  diagram  might  suggest,  b.  This  is  the  schematic  symbol  for  an  npn 
transistor,  c.  This  symbol  for  a  pnp  transistor  is  an  electrical  opposite  of  the  one  in  b. 
The  existence  of  “mirror  images"  in  transistors  makes  possible  the  design  of  many  useful 
circuits  which  are  impossible  with  vacuum  tubes,  since  there  are  no  positron  tubes  which 
are  mirror  images  of  “electron  tubes." 


base 


npn 


emitter 


collector 
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Figu  re  16-18  In  this  circuit  note  that  the  emitter-base  junction  is  front-biased,  while  the 
collector-base  junction  is  back-biased.  At  left  there  is  no  current  in  the  emitter-base  circuit 
since  the  switch  is  open.  Because  of  carrier  distribution  in  base  and  collector,  there  is  also 
no  current  in  that  circuit.  At  right,  however,  the  switch  has  been  closed,  and  the  base-col¬ 
lector  junction  is  no  longer  a  barrier  to  current.  In  this  way,  one  current  (input  current  from 
emitter  to  base)  has  controlled  another  current  (output  current  from  base  to  collector). 


tribution  of  electrons  and  holes  is  shown  in 
Fig.  16-18a.  Obviously  there  is  no  current 
across  the  base-collector  junction;  that  is, 
the  collector  current  is  zero. 

Now  in  Fig.  16-18b  the  switch  in  the 
base-emitter  circuit  is  closed.  Because  this 
junction  is  front-biased,  electrons  cross  the 
junction  into  the  very  thin  base.  Once  they 
are  in  the  base,  these  electrons  are  ex¬ 
tremely  close  to  the  collector,  which  is  posi¬ 
tive  with  respect  to  both  the  base  and  the 
emitter.  In  the  circuit  of  Fig.  16-18b, 
nearly  all  of  the  electrons  which  leave  the 
emitter  go  through  the  base  and  on  into  the 
collector.  In  the  illustration,  the  sizes  of 
the  arrows  by  the  leads  to  the  emitter,  base, 
and  collector  indicate  the  relative  intensity 
of  current  in  those  leads.  Here  about  95% 
of  the  emitter  current  goes  on  through  the 
collector;  only  about  5%  goes  through  and 
out  of  the  base.  Notice  that  Kirchhoff’s 
rules  apply  to  this  circuit. 

For  a  given  potential  difference  across 
the  base-collector  junction,  the  magnitude 
of  the  collector  current  depends  on  the 
magnitude  of  the  emitter  current.  The 
greater  the  emitter  current,  the  greater  the 
collector  current  is.  But  remember,  the 


emitter  current  depends  on  the  potential 
difference  across  the  emitter -base  junction. 
Therefore,  if  a  signal  voltage  is  applied  to 
the  emitter -base  junction,  the  collector  cur¬ 
rent  fluctuates  accordingly.  The  pattern  of 
input  signal  is  reproduced  in  the  output 
signal. 

Many  circuits  can  be  built  around  tran¬ 
sistors;  one  of  the  most  interesting  is  shown 
in  Fig.  16-19a.  Here  the  input  or  control¬ 
ling  circuit  includes  a  1.5-volt  cell,  a  rheo¬ 
stat,  a  meter,  and  the  emitter-base  junction. 
The  output  or  controlled  circuit  includes  a 
3-volt  battery,  a  meter,  and  both  junctions 
of  the  transistor. 

As  in  the  previous  circuit,  there  can  be 
no  collector  current  when  the  emitter  cur¬ 
rent  is  zero.  As  the  rheostat  is  adjusted,  the 
potential  difference  across  it  varies,  and  ( by 
Kirchhofif’s  first  rule)  the  front  bias  across 
the  emitter-base  junction  also  varies.  This 
in  turn  controls  the  number  of  electrons 
which  go  from  the  emitter  through  the  base 
to  the  collector. 

The  circuits  of  Fig.  16-18  and  16-19  use 
n-p-n  transistors.  If  p-n-p  transistors  are 
used,  the  polarity  of  the  batteries  must  be 
reversed.  The  results  are  the  same  except 


+  3V 


a  b 

Fig  ure  16—19  a.  In  this  circuit  the  rheostat  controls  the  current  in  the  emitter-base  circuit 
and  the  potential  difference  between  emitter  and  base.  As  this  front-biased  potential  differ¬ 
ence  fluctuates,  the  current  in  the  collector  circuit  varies  with  the  same  pattern,  b.  The 
circuit  of  a  can  be  applied  to  a  useful  amplifier  circuit.  Here  the  front  bias  is  determined 
by  the  performance  of  the  photoelectric  cell.  Small  changes  in  the  current  which  it  produces 
result  in  large  changes  in  the  output  current — large  enough  to  operate  a  relay  or  other 
device,  which  the  photoelectric  cell  itself  could  not.  Notice  that  the  circuit  of  Fig.  16-18 
does  not  amplify  the  current,  but  that  this  one  does. 


that  the  movement  of  holes  is  substituted 
for  the  movement  of  electrons. 

16-18  Vacuum  tubes  and  transistors 
differ  in  their  characteristics.  It  is  very  in¬ 
teresting  to  compare  vacuum  tubes,  which 
were  developed  in  the  early  years  of  this 
century,  with  the  more  recent  crystal 
diodes  and  transistors.  It  is  tempting  to 
conclude  that  transistors  are  the  successors 
to  vacuum  tubes.  This  is  not  strictly  true. 
There  are  a  multitude  of  uses  for  both  kinds 
of  electronic  control  devices. 

In  many  situations  vacuum  tubes  are 
superior  to  transistors.  They  can  be  made 
to  handle  much  greater  power;  and  they 
withstand  higher  temperatures. 

The  advantages  of  transistors  are  many: 
( 1 )  Because  they  require  no  cathode 
heater,  they  require  no  source  of  heater 
power  and  no  warm-up  time,  they  consume 
very  little  power,  and  they  do  not  get  as 
hot  as  vacuum  tubes.  (2)  Because  their 
parts  are  fused  to  each  other,  they  are  ex¬ 
tremely  small,  they  are  more  resistant  to 
shock  and  vibration,  and  they  have  almost 


indefinite  life.  (3)  They  operate  on  energy 
sources  with  low  potential  difference,  often 
a  very  few  volts. 


Self  Check 


1 .  What  feature  of  germanium  makes  it  and 
certain  other  elements  semiconductors? 

2.  Why  would  a  pure  crystal  of  a  semicon¬ 
ductor  be  a  poor  conductor  of  electrons? 

3.  How  can  an  impurity  contribute  positive 
carriers  to  a  semiconductor  crystal? 

4.  When  a  p-n  junction  is  front-biased,  which 
section  is  connected  to  the  positive  ter¬ 
minal  of  a  battery? 

5.  Why  does  not  a  back-biased  crystal  diode 
conduct,  even  though  each  of  its  wafers 
contains  current  carriers? 

6.  What  is  one  use  for  a  crystal  diode? 

7.  In  the  circuit  of  Fig.  16-19,  how  do  the 
electrodes  (wafers)  of  a  transistor  roughly 
correspond  to  the  electrodes  of  a  triode? 

8.  In  what  ways  are  vacuum  tubes  superior 
to  transistors?  In  what  ways  are  transistors 
superior? 
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Other  Results  from  Solid-State  Research 


16-19  Thermocouples  have  been 
greatly  improved.  If  you  connect  an  iron 
wire  to  a  copper  wire,  as  shown  in  Fig.  16- 
20a,  with  a  galvanometer  in  the  circuit,  and 
then  heat  one  of  the  copper-iron  junctions, 
you  will  find  that  the  galvanometer  deflects. 
The  hotter  you  make  one  junction  as  com¬ 
pared  with  the  other,  the  greater  is  the 
current  in  the  galvanometer.  A  highly 
sensitive  galvanometer  will  deflect  even 
when  one  junction  is  warmed  merely  by 
holding  it  in  your  hand.  This  type  of  circuit, 
containing  two  junctions  of  dissimilar  con¬ 


ductors  each  at  a  different  temperature,  is 
known  as  a  thermocouple;  it  converts  heat 
energy  directly  into  electric  energy.  It  is 
frequently  used  for  measuring  temperature. 

Although  the  thermocouple  has  been 
known  for  nearly  a  century  and  a  half,  until 
recently  its  low  efficiency  ( below  3% )  kept 
it  from  being  a  practical  device  for  the 
conversion  of  electric  energy.  However, 
with  the  introduction  of  semiconductors 
and  an  increasing  knowledge  of  their  be¬ 
havior,  thermocouples  are  now  used  as  a 
means  of  providing  electric  power. 


Figure  16—20  The  thermocouple  circuit  in  a  consists  of  two  dissimilar  metals  with  junctions 
at  different  temperatures.  From  the  current  produced  it  is  possible  to  compute  the  tempera¬ 
ture  difference,  b.  This  diagram  shows  how  a  thermocouple  can  be  used  to  measure  tem¬ 
peratures  in  hard-to-get-at  places  —  inside  furnaces,  living  tissue,  or  radioactive  places. 
Can  you  see  where  the  cold  junction  is? 

The  basic  theory  underlying  thermocou¬ 
ples  concerns  migration  of  free  electrons  or 
holes  in  conductors  or  semiconductors.  For 
example,  in  the  copper  bar  in  Fig.  16-21, 
electrons  are  in  more  rapid  motion  at  the 
warm  end,  and  therefore  migrate  to  the 

Fig  ure  16-21  If  one  end  of  a  metal  bar  is 
hotter  than  the  other,  free  electrons  tend  to 
drift  toward  the  cold  end,  making  it  a  few 
microvolts  more  negative  than  the  hot  end. 

hot  cold 


positive  negative 


cold  end,  where  there  is  less  pronounced 
motion.  As  a  result,  the  cold  end  may  be 
a  few  thousandths  of  a  volt  more  negative 
than  the  hot  end.  If  semiconductors  are 
substituted  for  metals,  the  emf  generated  is 
greatly  increased.  If  the  semiconductor  is 
of  the  p-type,  then  holes  migrate  to  the 
cool  end  and  make  it  more  positive  than 
the  hot  end. 

Now  consider  the  thermocouple  of  Fig. 
16-22.  In  the  top,  n-type  bar  the  cold  end 
is  more  negative  than  the  hot  end;  in  the 
bottom,  p-type  bar  the  cold  end  is  more 
positive  than  the  hot  end.  As  a  result,  a 
usable  emf  of  about  a  tenth  of  a  volt  exists 
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cold 


p-type  semiconductor 


cold 


This  end  is  more  nega¬ 
tive  than  the  left  end. 


Resulting  potential  difference 
drives  current  through  a 
low-resistance  load. 

This  end  is  more  posi¬ 
tive  than  the  left  end. 


Figure  16—22  This  arrangement  of  semiconductors  produces  a  potential  difference  of  per¬ 
haps  a  tenth  of  a  volt  between  the  cold  ends.  Many  such  circuits  in  series  produce  corre¬ 
spondingly  greater  potential  differences. 


between  the  two  cold  ends  of  the  device. 
Although  small,  this  potential  difference  is 
enough  to  drive  useful  current  through  a 
low-resistance  load.  If  many  such  junctions 
are  placed  in  series,  the  emf  of  each  junc¬ 
tion  adds  to  the  others,  just  as  with  series- 
connected  electric  cells. 

By  proper  selection  of  n-type  and  p-type 
semiconductors  for  the  junctions  of  a  mod¬ 
ern  thermocouple,  the  efficiency  of  the 
energy  conversion  rises  to  about  10%.  This 
efficiency  can  be  expected  to  increase  as 
scientists  and  engineers  continue  to  im¬ 
prove  semiconductor  devices.  Thus  a  ther¬ 
mocouple  can  be  quite  practical,  particu¬ 
larly  when  it  is  remembered  that  among 
heat  engines  only  large  steam  turbine  and 
diesel  installations  exceed  this  efficiency. 
Furthermore,  thermocouples  need  no  water- 
filled  boilers  and  have  no  moving  parts. 
They  function  without  noise  or  vibration 
and  last  almost  indefinitely.  Small,  long- 
lived  generators  have  been  made  using 
radioisotopes  as  the  heat  source,  with  ther¬ 
mocouples  to  convert  the  heat  to  electric 
energy.  Some  of  these  generators  are  being 
used  in  space  probes  and  others  in  un¬ 
manned  weather  stations  in  arctic  regions. 

A  thermocouple  works  in  reverse,  too. 
When  electrons  are  forced  through  a  prop¬ 
erly  prepared  junction  in  one  direction, 
heat  is  produced;  when  they  are  forced 
in  the  other  direction,  heat  is  absorbed. 


This  makes  possible  some  very  convenient 
“heat  pumps”;  these  would  be  particularly 
useful  as  electrically  operated  cooling  units. 
Research  in  solid-state  physics  is  making 
rapid  progress  along  these  lines,  and  it  is 
expected  that  improved  understanding  of 
the  mechanism  of  thermoelectricity  will 
make  for  wider  application  of  this  principle. 


Do  It  Now 


If  a  sensitive  galvanometer  is  available,  set  up 
a  model  thermocouple  generator  as  suggested 
in  Fig.  16— 20a.  Are  you  able  to  demonstrate 
the  direct  conversion  of  heat  energy  to  electric 
energy? 

16-20  Solar  cells  put  sunlight  to  work. 

You  know  that  when  light  shines  on  the 
mosaic  screen  in  a  TV  camera,  electrons  are 
emitted.  In  a  light  meter  used  by  a  photog¬ 
rapher,  the  behavior  is  similar.  Here  the 
released  electrons  do  not  escape;  instead, 
they  flow  in  a  closed  circuit  and  deflect 
the  needle  of  a  sensitive  dc  meter.  How¬ 
ever,  until  recently  the  emf  associated  with 
this  photoelectric  effect  has  been  so  small 
and  the  efficiency  of  the  energy  conver¬ 
sion  so  low  (about  0.5%)  that  it  was  not 
useful  as  an  energy  source.  Solid-state  re¬ 
search  has  provided  better  materials,  with 
efficiences  .of  about  10%,  from  which  useful 
solar  cells  have  been  made. 
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Electrons  tend  to  drift 
in  this  — *  direction. 


a 


b 


n  p 


Figure  16-23  The  p-n  junction  in  a  tends  to 
produce  an  emf  across  itself.  When  con¬ 
nected  into  a  complete  circuit  as  in  b,  the 
junctions  in  the  circuit  provide  a  net  emf  of 
zero. 


To  understand  the  operation  of  a  solar 
cell,  start  with  Fig.  16-23a.  Here  is  a  junc¬ 
tion  between  two  layers  of  the  semicon¬ 
ductor  silicon.  One  side  has  been  doped 
with  arsenic  ( n-type ) ,  the  other  with  boron 
(p-type).  Because  of  their  temperature, 
the  atoms  and  electrons  on  both  sides  are 
in  motion;  as  a  result  electrons  tend  to  drift 
across  the  junction  from  the  n-type  side, 
and  holes  tend  to  drift  across  the  junction 
from  the  p-type  side.  The  n-side  becomes 
positive  and  the  p-side  negative.  Now  you 
might  think  that  such  an  arrangement  is 
enough  to  drive  a  current  around  a  circuit. 
Figure  16-23b  shows  why  this  is  not  so. 
The  circuit  is  a  series  of  junctions.  In  addi¬ 
tion  to  the  p-n  junction  in  the  silicon,  there 
is  a  p-silicon-copper  junction,  followed  by  a 
copper-tungsten  junction,  then  a  tungsten- 
copper  junction,  and  finally  a  copper-n- 
silicon  junction.  At  each  junction  there  is 
an  emf;  some  of  these  are  in  one  direction, 
some  in  the  opposite  direction.  The  sum 
total  of  all  these  emf’s  is  0,  so  no  current 
exists  in  the  circuit. 

Now  let  light  shine  on  the  silicon,  as  in 
Fig.  16-24.  It  shines  right  through  the 
very  thin  p-silicon  layer,  and  the  energy  of 


n  p 


light  energy 


Figure  16-24  In  this  p-n  junction,  the  p-layer 
is  about  1  0~4  cm  thick  and  is  therefore  trans¬ 
parent.  Light  energy  strikes  the  junction  and 
releases  more  electrons  from  both  the  p  and 
n  sections.  These  light-released  electrons 
move  toward  the  positively  charged  n-section, 
constituting  an  electric  current.  In  this  way, 
light  energy  is  converted  directly  into  electric 
energy. 

the  light  dislodges  some  electrons  from  the 
silicon  on  both  sides  of  the  junction.  These 
are  not  the  carrier  electrons  provided  by  the 
arsenic  donor,  but  electrons  that  were 
tightly  bound  into  the  silicon  crystal  struc¬ 
ture.  When  such  an  electron  is  dislodged, 
it  leaves  a  hole  behind.  Now  the  balance  in 
the  circuit  is  disturbed.  Since  the  n-side  of 
the  junction  had  become  positive,  as  ex¬ 
plained  in  the  preceding  paragraph,  it  at¬ 
tracts  electrons,  which  travel  out  the  wire 
on  that  side,  creating  a  current  in  the  cir¬ 
cuit.  Sunlight  has  provided  energy  to  dis¬ 
lodge  electrons,  and  to  produce  a  current  in 
the  circuit.  Modern  silicon  solar  cells  pro¬ 
duce  an  emf  of  about  0.5  volt  in  bright  sun¬ 
light  and  deliver  power  at  the  rate  of  about 
100  watts/m2  of  exposed  surface.  Notice 
that  the  energy  of  a  solar-battery  circuit 
comes  from  the  light  that  shines  upon  it, 
while  the  energy  of  a  transistor  circuit  is 
supplied  by  dry  cells  or  other  source  of 
emf.  Solar  cells  have  been  used  to  power 
radios  and  the  telemetering  circuits  of  satel¬ 
lites  and  space  probes. 
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16-21  Solid-state  physics  is  still  in  its 
infancy.  Much  of  today’s  work  in  solid- 
state  is  applied  research  —  efforts  to  make 
better  transistors,  better  solar  cells,  better 
magnets.  Yet  much  of  it  is  pure  research 
—  efforts  to  learn  more  just  for  the  sake  of 
knowledge  —  often  without  the  slightest 
concern  about  possible  practical  applica¬ 
tions.  Sometimes  these  research  efforts  are 
financed  by  philanthropic  funds  or  univer¬ 
sities  or  government  grants,  because  the 
custodians  of  the  funds  feel  that  such  efforts 
in  pure  research  will  ultimately  benefit 
mankind.  Often  large  industries  devote  a 
part  of  their  budget  to  pure  research;  ex¬ 
perience  shows  that  ultimately  this  policy 
usually  brings  financial  rewards. 

Although  physicists  have  been  exploring 
the  microstructure  of  solid  matter  for  many 
years,  the  field  is  still  in  its  infancy.  It 
promises  to  be  one  of  the  most  important 
fields  of  physics  in  the  future.  Many  ques¬ 
tions  about  the  structure  and  behavior  of 
atoms  which  compose  solids  are  unan¬ 
swered.  Many  explanations  and  interpreta¬ 
tions  are  incomplete;  but  some  hypotheses 
appear  to  be  at  least  partially  correct. 


Self  Check 


1 .  How  can  a  thermocouple  be  used  as  a  means 
of  measuring  temperature? 

2.  Why  is  the  cold  end  of  a  conductor  slightly 
more  negative  than  the  hot  end? 

3.  Describe  the  performance  of  a  strip  of 
p-doped  semiconductor  when  one  end  is 
hotter  than  the  other. 

4.  What  is  the  effect  of  light  on  a  semiconduc¬ 
tor? 


Problems 


Using  the  figures  given  for  efficiency  and 
power  output  of  solar  cells,  determine  the 
energy  per  m2  available  in  sunlight. 


Discussion  Questions 


If  you  have  a  p-n  junction  such  as  that  in 
Fig.  16-23a,  why  would  not  electrons  continue 
to  flow  over  the  junction  indefinitely? 


Chapter 

Summary 


Early  experiments  with  high-vacuum  gas 
discharge  focused  physicists’  attention  on  the 
cathode  rays  which  were  prominent  in  the 
discharge.  It  .was  soon  learned  that  the  cathode 
rays  were  deflected  by  a  magnetic  field.  Al¬ 
though  it  was  suspected  that  eathode  rays 
might  be  a  stream  of  charged  particles,  the 
rays  did  not  deflect  in  response  to  an  electric 
field.  Finally  this  was  accomplished,  and  J.  J. 
Thomson  discovered  that  the  charged  particles 
were  far  smaller  than  hydrogen  ions,  as  well 
as  negative.  These  particles  were  called  elec¬ 
trons,  and  were  shown  to  be  moving  at  very 
high  speed.  Thomson  worked  out  rather  good 
values  for  the  ratio  of  an  electron’s  mass  to 
its  charge.  Later  Millikan  developed  the  oil 
drop  technique  for  measuring  precisely  the 
charge  of  the  electron.  The  mass  and  the 
charge  of  the  electron  are  extremely  important 
fundamental  constants. 

Much  modern  research  in  particle  physics  is 
carried  on  with  high-velocity  particles  which 
act  as  “bullets”  and  bombard  materials  under 
investigation.  The  bombarding  particles  are 
brought  up  to  high  speeds  by  accelerators.  The 
Van  de  Graaff  generator  uses  an  endless  belt 
to  accumulate  charges  on  its  hollow  metal 
sphere  at  potentials  of  the  order  of  several 
million  volts.  A  linear  accelerator  guides 
charged  particles  along  a  series  of  hollow 
sleeve-like  electrodes  which  reverse  their  po¬ 
tential  at  such  a  rate  that  for  a  given  particle, 
the  electrode  ahead  is  always  oppositely 
charged.  In  a  cyclotron,  charged  particles  are 
guided  in  an  expanding  spiral  path  by  a 
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magnetic  field,  while  they  go  back  and  forth 
between  hollow  dees  whose  electric  polarity 
is  constantly  reversing.  In  the  betatron  a 
magnetic  field  keeps  the  electrons  in  a  circu¬ 
lar  path,  and  changes  in  the  magnetic  field 
produce  accelerating  forces  on  the  whirling 
electrons.  In  the  synchrotron,  changing  elec¬ 
tric  fields  accelerate  the  charged  particles, 
while  they  are  kept  in  the  proper  near-circu¬ 
lar  path  by  changing  magnetic  fields.  As  the 
accelerating  particles  approach  the  speed  of 
light,  part  of  their  increased  energy  goes  into 
increased  mass,  so  the  rate  of  electrode  alter¬ 
nation  must  be  decreased  accordingly. 

Solid-state  physics  is  the  field  of  study  in¬ 
volving  materials  in  their  solid  state,  with 
particular  emphasis  on  crystal  structure,  elec¬ 
tric  conductivity,  and  the  forces  which  hold 
materials  together.  Semiconductor  elements 
have  foui  of  the  eight  electron  spaces  in  the 
outer  shell  filled.  In  pure  semiconductors, 
these  are  all  involved  in  the  crystal  structure, 
and  no  electrons  are  available  to  constitute  an 
electric  current.  When  doped  with  impurities 
which  have  five  electrons  in  the  outei^  shell, 
such  materials  have  extra  electrons  and  are 
n-type  semiconductors.  When  doped  with  im¬ 
purities  which  have  three  electrons  in  the 
outer  shell,  such  materials  have  movable 
“holes”  and  are  p-type  semiconductors. 

A  junction  between  a  p-type  semiconductor 
and  an  n-type  semiconductor  permits  electrons 
to  flow  in  one  direction  but  not  in  the  other 
and  hence  acts  as  a  rectifier.  A  transistor  has 
several  p-n  junctions.  When  current  exists 
across  one  junction,  it  permits  current  across 
the  other,  thus  constituting  a  useful  electronic 
device.  Transistors  are  replacing  vacuum  tubes 
in  many  applications,  particularly  where  weight 
and  size  are  at  a  premium,  and  where  power¬ 
handling  requirements  are  modest.  P-n  junc¬ 
tions  also  play  an  important  role  in  thermo¬ 
couple  devices  and  photoelectric  circuits. 


atom  smasher 
(p. 384) 

Van  de  Graaff 

generator  ( p.384 ) 
linear  accelerator 
(p. 385) 

cyclotron  (p.  386) 
dee  (p.  386) 
betatron  (p.  387) 
synchrotron  (p.  388) 
solid-state  physics 
( p.389 ) 
semiconductor 
elements  (p.  389) 
electron  shells 
(p.  389) 
doping  (p.  390) 
donor (p. 390) 


n-type  semiconductor 
(p.  390) 
hole  (p.  391 ) 
acceptor  (p.  392) 
p-tvpe  semiconductor 
( p.392 ) 

p-n  junction  (p.  392) 
crystal  diode 
(p.  393) 

transistor  (p.  393) 
emitter  (p.  393) 
collector  (p.  393) 
base  (p.  393) 
thermocouple 
(p. 396) 

photoelectric  effect 
(p.397) 

solar  cell  (p.  398) 


Problems 


1 .  If  the  effective  potential  difference 
between  the  dees  of  a  cyclotron  is  100  kilovolts, 
what  energy  will  an  alpha  particle  possess  after 
making  40  complete  revolutions? 

2.  An  electron  is  at  rest  midway  between 
two  plates  12  cm  apart.  With  what  force  is  it 
accelerated  if  a  potential  difference  of  1600  V 
is  placed  across  the  two  plates? 

3.  Once  the  electron  in  Problem  2  starts 
to  move,  how  long  will  it  take  for  it  to  get  to 
the  positive  plate,  providing  it  has  no  inter¬ 
ference? 

4.  What  speed  will  the  electron  in 
Problem  2  attain  by  the  time  it  strikes  the 
positive  plate? 


Discussion  Questions 


Vocabulary 

m/e  ratio  (p.  378- 
379) 

oil  drop  experiment 
(p. 380-382) 


terminal  velocity 
(p.  380) 

particle  accelerator 
(p. 384) 


1 .  It  is  often  said  that  the  most  modem  studies 
of  fundamental  particles  in  physics  have 
their  roots  deep  in  simple  mechanics.  Can 
you  cite  examples  of  this  idea  within  this 
chapter? 

2.  Under  what  conditions  would  a  falling  ob¬ 
ject  have  no  maximum  or  terminal  velocity? 


PARTICLES,  ACCELERATORS,  AND  HOLES 


3.  As  the  speed  of  a  particle  approaches  the 
speed  of  light,  its  mass  begins  to  increase 
measurably  (see  Chapter  4).  When  this 
happens,  the  particle  moves  more  slowly 
than  it  would  if  the  mass  stayed  the  same, 
and  it  no  longer  covers  each  half-circle  in 
the  same  time.  Why  does  this  fact  make  it 
impractical  to  use  a  cyclotron  to  accelerate 
electrons? 

4.  You  have  learned  that  sharpened  metal 
points  tend  to  discharge  current  into  the  air. 
You  have  also  learned  that  Van  de  Graaff 
generators  with  large  storage  spheres  can 
store  charge  at  a  higher  potential  than  those 
with  small  spheres,  and  that  they  should 
be  highly  polished  on  their  outer  surface. 
Can  you  see  any  relation  between  these 
two  statements? 

5.  What  advantages  are  there  in  the  fact  that 
transistors  are  operated  by  power  supplies 
of  low  potential  difference? 

6.  Examine  the  transistors  in  a  miniature  radio 
or  hearing  aid.  What  advantages  do  they 
appear  to  have  over  vacuum  tubes? 
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7.  Why  do  transistors  require  no  warm-up  time 
before  they  are  ready  for  operation? 


Work  on  Your  Own 

1.  For  more  information  about  particles,  accel¬ 
erators,  and  holes,  you  will  find  excellent 
articles  in  Scientific  American,  usually 
written  by  the  scientists  who  have  been 
doing  the  research. 

2.  Advertisements  in  Scientific  American,  Time, 
and  magazines  for  businessmen  and  en¬ 
gineers  often  call  attention  to  new  products 
of  solid-state  research.  List  some  of  these 
and  explain  how  they  work. 

3.  Transistor  kits  from  which  you  can  build 
various  electronic  devices  are  available  from 
radio  supply  companies  and  hobby  shops. 
Some  are  quite  inexpensive.  Solar  cells  are 
also  available  for  experimentation  at  school 
or  at  home. 
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FUNDAMENTAL  UNITS 


The  fundamental  units  in  this  book  belong  to  the  MKSA 
(meter-kilogram-second-ampere)  system.  The  definitions  are  stated  below. 


Meter  m  Length  of  the  international  meter  at  Sevres,  France,  or 

(more  precisely)  1,650,763.73  wavelengths  in  a  vacuum 
of  the  orange-red  light  from  krypton-86. 

Kilogram . kg  Mass  of  the  international  kilogram  at  Sevres,  France. 

Second . s  1/31,556,925.9747  of  the  solar  year  1900. 

Ampere  A  The  constant  current  which,  if  present  in  each  of  two  very 

long  conductors  one  meter  apart  in  empty  space,  produces 
on  each  conductor  a  force  of  exactly  2  X  10  ^ 7  newtons 
for  each  meter  of  length. 


In  countries  using  British  units,  the  units  are  usually  defined  in  terms  of  the  metric  units. 
Some  of  these  definitions  are  given  below. 


Yard . yd  3600/3937  m,  by  law  in  the  United  States. 

0.9144  m  exactly,  by  international  agreement  among  stand¬ 
ards  laboratories. 

Pound  lb  0.453  592  37  kg 


OTHER  DEFINED  VALUES  AND  PHYSICAL  CONSTANTS 


Speed  of  light  in  vacuum . c  2.997925  X  108  m/sec 

Charge  of  electron .  e  1.60210  X  10~19C 

Coulomb  of  charge .  C  6.2418  X  1018  electrons 

Electron  rest  mass . me  9.1091  X  10-31  kg 

5.48597  X  10-“  u 

Proton  rest  mass . mp  1.67252  X  10~27  kg 

1.00727663  u 

Neutron  rest  mass  mn  1.67482  X  10_27kg 

1.0086654  u 

Charge  to  mass  ratio 

for  electron . e/me  1.758796  X  1011  C/kg 

Unified  mass  unit  u  1/12  the  mass  of  an  atom  of  the  carbon-12  nuclide; 

1.6604  X  10“ 27  kg;  931  meV 

Planck’s  constant  h  6.6256  X  10_34J-sec 

Standard  acceleration 

of  gravity  gn  9.80665  m/sec2 

Gravitational  constant  G  6.670  X  10-n  N  •  m2/kg2 

Absolute  zero .  — 273.15°C 

Mechanical  equivalent  of  heat  4.186  J/cal;  778  ft  lb/cal 

Standard  atmospheric 

pressure . atm  760  mm  of  Hg;  14.7  lb/in.2;  1.0325  bar 

Liter . 1  1.000  028  X  10 ~3  m3 
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A  REVIEW  OF  IMPORTANT  EQUATIONS 

Motion,  Matter,  and  Energy  Law  of  conservation  of  momentum 


total  momentum  before  an  action  = 


Uniform  velocity 

total  momentum  after  action 

(p-  47) 

s 

V  ~  1 

(P-  2) 

Centripetal  force 

Average  velocity 

s 

Vav  ~  1 

(p.  2) 

centripetal  force  =  ^ v 

gr 

(p.  49) 

„  —  Vl  +  V* 

uav  —  2 

(p.  IS) 

Work 

work  =  Fs 

(p.  55) 

Acceleration 

work  =  Fs  cos  6 

(p.  55) 

change  in  velocity 

acceleration  = 

time  interval 

or 

_  V2  ~  VX 

t 

or 

(P-  9) 

(p.  10) 

Power 

or 

P  =  Fv 

(p.  61) 

(p.  55) 

_  Av 
a  ~  At 

(p.  10) 

Potential  epergy 

Centripetal  acceleration  ( acceleration  in 
circular  motion) 

2 

or  Ep  =  mgh 

Ev  =  IL/i 

(p.  57) 

(p.  ^7) 

V 

a  =  — 
r 

(P-  11) 

Kinetic  energy 

Displacement  of  a  uniformly  accelerated 
object 

s  =  vxt  +  %at2  (p.  14) 

Eh  =  \mv2 
or 

Wv2 

Ek  2g 

or  y 

(p.  55) 

(p.  55) 

Newton’s  second  law  of  motion 

Ek  =  (m  —  m0)c2 

(p.  75) 

F  =  ma 
or 

r  A  (mv) 

F=  At 
or 

(p.  34) 

(p.  34) 

Relativistic  mass 

m0 

m  ~  Vl  -  (v/c) 2 

(p.  74) 

<3 

£ 

II 

(p-  41) 

Energy  equivalent  of  mass  change 

Newton’s  law  of  universal  gravitation 

E  =  A  me 2 

(p.  77) 

F  _  G  mxm2 
s2 

(p.  SS) 

Coulomb’s  law 

Weight 

W  =  mg 

(p-  41) 

F  =  k 

s 2 

(p.  55) 

404 


APPENDIX 


Forces  and  Machines 

Resultant  of  concurrent  forces 


Efficiency 

useful  work  output 

efficiency  =  -  - — - —  (p.  176) 


total  work  input 


or 


R  =  LF 

(p.  I-**) 

actual  MA 

efficiency  — 

ideal  MA 

(p.  176) 

Equilibrium  law 

EE,  =  0 

(p. 

Mechanical  advantage  of  a  lever 

and 

EFy  =  0 

(p. 

input  arm 

MA  =  — - - 

output  arm 

(p.  ,?75) 

Moment  of  a  force 

Specific  gravity 

M  =  FL 

(p.  J5S) 

specific  gravity 

weight  of  object 

Law  of  moments 

(clockwise)  =  E M  (counterclockwise) 

or  <*>• 

'EM  =  0 

Frictional  force 

Ff  =  kF  n 

Coefficient  of  friction 

Fn 


weight  of  equal  volume  of  water 

(p.  189) 


(p.  m) 


(p.  171) 


or 

specific  gravity  of  X 

Mass  density 

Weight  density 


density  of  X 
density  of  water 

(p.  191) 


r  _  rn 

U-m  -  y 


dw  = 


/c  =  S 


W 

V 


(p.  171) 


Pressure 


Law  of  work 

work  input  =  work  output  -f-  work  wasted 

(p.  174) 


(p.  190) 


(p.  191) 


(p.  191) 


Mechanical  advantage  (actual) 

MA  =  ft 


(p.  ^4) 


Ideal  mechanical  advantage  of  an  inclined 
plane 

distance  along  the  slope 


ideal  MA  - 


(p.  f75) 


Pressure  in  a  liquid 

P  =  lid iv  (p.  .75,2) 

Mechanical  advantage  of  a  hydraulic  press 

area  of  larger  piston 

Ideal  MA  =  -  (p.  fP7) 

area  of  smaller  piston 

Archimedes’  principle 

buoyant  force  =  weight  of  displaced  fluid 

(p.  200) 


height  of  the  plane 
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Molecules  and  Heat  Energy 

Wave  Motion 

Hooke’s  law 

Frequency  of  a  pendulum 

Ct, 

<1 

II 

> — i 

<1 

"tA 

Boyle’s  law 

PV  =  k 

Period  of  vibration 

T  =  - 

or 

P  iVt  =  p2v2 

f 

Equation  of  simple  harmonic  motion 

Conversion  of  temperature  scales 

.  360°  , 

y  =  r  sin  t 

F  =  |  C  +  32 
or 

Speed  of  waves 

v  =  A 

C  =  |  (F  -  32) 

Air  columns  and  wavelength: 

Column  closed  at  one  end 

Linear  coefficient  of  thermal  expansion 

r  X  3\  5X 

L  =  —  >  — -  >  —  >  etc. 

4  4  4 

<\3 

II 

s 

Column  open  at  both  ends 

,  X  2X  3X 

L  =  —  >  —  >  —  j  etc. 

2  2  2 

Law  of  Heat  Exchange 

Wavelength  of  light  from  Newton’s  rings 

2  t  =  nX 

heat  lost  =  heat  gained 

Wavelength  of  light  using  a  diffraction 

Heat  transferred 

grating 

d  sin  d 

A  — 

A Q  —  me  At 

n 

A  Q  =  mL 

Charles’  law 

Electricity  and  Magnetism 

V  i  V2 

T\  T2 

Law  of  magnets 

F  =  kmim2  (p.  217) 

General  gas  law 

PiV1  P2V2 

T !  T2 

Quantity  of  charge 

Q  =  It  (p.  ^55) 
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Electric  field  intensity 


F  =  l 
Q 


(p.  HO) 


Potential  difference 


7  = 


Energy 

~~Q~ 


(p.  Hi) 


Ohm’s  law 


I  - 


V 

R 


(p.  258 ) 


Potential  difference  across  a  resistor 
(IR  drop) 

V  =  IR 


Total  resistance  in  series 
Rt  —  Ri  t  R-2 

Total  resistance  in  parallel 

1  1  ]_ 

Rt  Ri  R 2 

Kirchoff’s  Second  Rule 


(p.  261) 


R3  (p.  261) 


4~  (p-  ^) 

n-3 


potential  differences  around 
a  loop  =  0 


Power 


or 


or 


7J  =  VI 

p  =  i2r 


Capacitance 


P  = 


C  = 


Yl 

R 


Q [ 
V 


(p.  269) 

(p.  000) 

(p.  269) 

(p.  077). 


Force  on  a  moving  charge  in  a  magnetic- 
field 


F  =  flQy 


B 

c  tp.  000) 


^  iv.  $/r 

T  =  BAw  (p.  057) 


Force  on  a  current  across  a  magnetic  field 
(motor  effect) 

F  =  BIl  (p.  288) 

Emf  in  a  conductor  moving  perpendicularly 
across  a  magnetic  field 


V  =  Bvl 

Generated  (induced)  emf 

AT 
At 


V  - 


(p.  294) 


(p.  294) 


Instantaneous  value  of  alternating  current 

i  =  /max  sin  6  (p.  SO 4) 

Effective  values  of  alternating  current  and 
potential  difference 

h ff  =  0.707  /max  (p.  505) 

7eff  =  0.707  ^  max  (p.  505) 

Capacitive  reactance  ( sinusoidal  ac ) 

1 


Xc  = 


2tt  fC 


(p.  500) 


(p.  005)  Current  in  a  capacitive  circuit 


(p.  500) 


Induced  emf  in  a  coil 


V  =  N 


AT 

At 


Self-inductance 


7  =  L 


A I 
At 


(p.  311 ) 


(p.  311) 


Inductive  reactance  (sinusoidal  ac) 

XL  =  2t rfL  (p.  312) 


Current  in  an  inductive  circuit 

7 


I  = 


X 


(p.  5/0) 


Magnetic  flux 


Impedance  in  a  series  circuit 
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Law  of  illumination 


z  =  VW+(XL  -  Xc) 2  (p. SU) 

Current  in  a  circuit  with  impedance 

(P-  814) 


Resonant  frequency 

fr  = 


2-7r\/  LC 


(p.  3/5) 


Ideal  transformer 


and 


Vp  =  iVp 

Fs  AL 


=  Fs/s 


(p.  3/5) 
(p.  319) 


Rays  and  Radiation 


Location  of  image  formed  by  a  mirror  or 
lens 

-L  +  -L  =  1 

Do  Di  ! 

Magnification  ( mirror  or  lens ) 

M  —  — 

AJ  O 


or 


i/  =  — 
A  D0 


D  =  K 

s2 


Efficiency  of  a  light  source 

r.  .  output  in  lumens 

efficiency  =  - 

input  in  watts 

Index  of  refraction 


or 


n  = 


n  =  — 

Vrti. 


Snell’s  law 


sin  a 


n  — 


sin  m 


Critical  angle 


n  = 


sin  c 


Magnifying  power  of  a  telescope 

angular  size  of  image 


M.P.  = 


angular  size  of  object 


Planck’s  quantum  equation 

E  =  hf 


Kinetic  energy  of  an  emitted  electron 
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Ek  =  hf  —  W 
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168.9 
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67 

Ho 

164.9 

66 

Dy 
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65 

Tb 

158.9 

64 

Gd 
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63 

Eu 

152.0 

62 

Sm 

150.4 

-  s  5 

•°  o<  2 

60 

Nd 
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59 

Pr 
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58 

Ce 
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57 
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TABLE  OF  NATURAL  TRIGONOMETRIC  FUNCTIONS 


Angle 

Sine 

Cosine 

Tangent 

1° 

.0175 

.9998 

.0175 

2° 

.0349 

.9994 

.0349 

3° 

.0523 

.9986 

.0524 

4° 

.0698 

.9976 

.0699 

5° 

.0872 

.9962 

.0875 

6° 

.1045 

.9945 

.1051 

7° 

.1219 

.9925 

.1228 

8° 

.1392 

.9903 

.1405 

9° 

.1564 

.9877 

.1584 

10° 

.1736 

.9848 

.1763 

11° 

.1908 

.9816 

.1944 

12° 

.2079 

.9781 

.2126 

13° 

.2250 

.9744 

.2309 

14° 

.2419 

.9703 

.2493 

15° 

.2588 

.9659 

.2679 

16° 

.2756 

.9613 

.2867 

17° 

.2924 

.9563 

.3057 

18° 

.3090 

.9511 

.3249 

19° 

.3256 

.9455 

.3443 

20° 

.3420 

.9397 

.3640 

21° 

.3584 

.9336 

.3839 

22° 

.3746 

.9272 

.4040 

23° 

.3907 

.9205 

.4245 

24° 

.4067 

.9135 

.4452 

25° 

.4226 

.9063 

.4663 

26° 

.4384 

.8988 

.4877 

27° 

.4540 

.8910 

.5095 

28° 

.4695 

.8829 

.5317 

29° 

.4848 

.8746 

.5543 

30° 

.5000 

.8660 

.5774 

31° 

.5150 

.8572 

.6009 

32° 

.5299 

.8480 

.6249 

33° 

.5446 

.8387 

.6494 

34° 

.5592 

.8290 

.6745 

35° 

.5736 

.8192 

.7002 

36° 

.5878 

.8090 

.7265 

37° 

.6018 

.7986 

.7536 

38° 

.6157 

.7880 

.7813 

39° 

.6293 

.7771 

.8098 

40° 

.6428 

.7660 

.8391 

41° 

.6561 

.7547 

.8693 

42° 

.6691 

.7431 

.9004 

43° 

.6820 

.7314 

.9325 

44° 

.6947 

.7193 

.9657 

45° 

.7071 

.7071 

1.0000 

Angle 

Sine 

Cosine 

Tangent 

46° 

.7193 

.6947 

1.0355 

47° 

.7314 

.6820 

1.0724 

48° 

.7431 

.6691 

1.1106 

49° 

.7547 

.6561 

1.1504 

50° 

.7660 

.6428 

1.1918 

51° 

.7771 

.6293 

1.2349 

52° 

.7880 

.6157 

1.2799 

53° 

.7986 

.6018 

1.3270 

54° 

.8090 

.5878 

1.3764 

55° 

.8192 

.5736 

1.4281 

56° 

.8290 

.5592 

1.4826 

57° 

.8387 

.5446 

1.5399 

58° 

.8480 

.5299 

1.6003 

59° 

.8572 

.5150 

1.6643 

60° 

.8660 

.5000 

1.7321 

61° 

.8746 

.4848 

1.8040 

62° 

.8829 

.4695 

1.8807 

63° 

.8910 

.4540 

1.9626 

64° 

.8988 

.4384 

2.0503 

65° 

.9063 

.4226 

2.1445 

66° 

.9135 

.4067 

2.2460 

67° 

.9205 

.3907 

2.3559 

68° 

.9272 

.3746 

2.4751 

69° 

.9336 

.3584 

2.6051 

70° 

.9397 

.3420 

2.7475 

71° 

.9455 

.3256 

2.9042 

72° 

.9511 

.3090 

3.0777 

73° 

.9563 

.2924 

3.2709 

74° 

.9613 

.2756 

3.4874 

75° 

.9659 

.2588 

3.7321 

76° 

.9703 

.2419 

4.0108 

77° 

.9744 

.2250 

4.3315 

78° 

.9781 

.2079 

4.7046 

79° 

.9816 

.1908 

5.1446 

80° 

.9848 

.1736 

5.6713 

81° 

.9877 

.1564 

6.3138 

82° 

.9903 

.1392 

7.1154 

83° 

.9925 

.1219 

8.1443 

84° 

.9945 

.1045 

9.5144 

85° 

.9962 

.0872 

11.4301 

86° 

.9976 

.0698 

14.3007 

87° 

.9986 

.0523 

19.0811 

88° 

.9994 

.0349 

28.6363 

89° 

.9998 

.0175 

57.2900 

90° 

1.0000 

.0000 
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REVIEW  OF  MATHEMATICS 


This  review  of  mathematics  makes  no  at¬ 
tempt  to  cover  all  the  topics  in  algebra  and 
trigonometry  used  in  this  book.  It  does, 
however,  give  very  briefly  a  few  basic  prin¬ 
ciples,  and  it  covers  in  somewhat  more  de¬ 
tail  those  situations  which  many  physics 
students  find  troublesome  or  which  are 
treated  in  a  special  manner  in  the  physics 
course. 

An  algebraic  equation  is  a  set  of  commands, 
telling  you  what  operations  are  to  be  per¬ 
formed.  For  example: 

s  =  v0t  -f-  \ at 2 

says  that  to  evaluate  s  (the  distance  trav¬ 
elled  by  an  accelerated  object),  you  must 
do  the  following: 

1.  Multiply  the  initial  velocity  (u0)  by  the 
time  (t)  during  which  the  acceleration 
takes  place. 

2.  Multiply  the  acceleration  (a)  by  the 
square  of  the  time,  and  divide  the  prod¬ 
uct  by  2. 

3.  Add  these  two  terms  of  the  equation  to¬ 
gether. 

To  solve  an  algebraic  equation,  you  undo 
the  operations  that  were  used  in  setting  up 
the  equation.  For  example,  suppose  that 
you  wish  to  solve  the  equation  given  for 
a.  First  undo  the  addition  by  using  sub¬ 
traction: 

s  —  r0t  =  Vo  t  +  ^ at 2  —  v0t 

Notice  that  the  subtraction  must  be  per¬ 
formed  on  both  sides  of  the  equation.  The 
result  is: 

s  —  Vo  t  =  ^ at 2 

Next  undo  the  division  by  using  multiplica¬ 
tion: 

2  X  (s  —  v0t)  =  | at 2  x  2 
2  (s  — -  t'0 1)  =  at1 


Now  undo  the  multiplication  of  a  by  t2  by 
dividing: 

2  (s  —  vQt)  _  at2 

*2  —  W 

2  (s  —  vpt)  __ 
t 2  a 

In  the  solution  just  given,  you  did  not 
know  any  particular  numbers  for  s,  v0,  t,  or 
a.  When  you  solve  a  problem  in  physics, 
you  will  often  find  it  helpful  to  solve  the 
basic  equation  before  putting  in  the  num¬ 
bers,  but  that  is  not  necessary.  For  ex¬ 
ample,  the  equation  for  the  area  of  a  circle 
is  A  —  nr2.  Suppose  you  want  to  know  the 
radius  of  a  circle  with  an  area  of  100  cm2. 
You  can  write  it  this  way: 

100  cm2  =  7 rr2 

Undo  the  multiplication  of  r 2  by  dividing 
by  7 r: 

1  00  cm 2  7rr2 

7 T  7 r 

31.8  cm 2  =  r2 

Undo  the  squaring  by  taking  the  square 
root: 

V7 31.8  cm2  =  \  T2 

5.64  cm  —  r 

Notice  that  the  square  root  of  cm2  is  cm. 
Throughout  the  book  you  will  be  expected 
to  write  in  the  units  and  to  treat  them  in  the 
same  way  that  you  do  the  letters.  ( See  pp. 
2-3). 

Addition  of  fractions  is  necessary  in  some 
problems  in  physics.  For  example,  the  equa¬ 
tion  describing  the  behavior  of  a  lens  is: 

J_  i  J_  =  1 

D0  '  Df  f 
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If  an  object  is  placed  at  a  distance  D0  from 
a  lens  with  a  focal  length  of  f,  the  image 
will  be  formed  at  a  distance  D,  from  the 
lens.  Suppose  that  you  have  placed  an  ob¬ 
ject  3.0  m  from  the  lens  and  find  that  the 
image  is  formed  2.0  m  from  the  lens.  You 
wish  to  find  /.  Substituting: 

_L_  +  _J_  =  1 

3.0  m  2.0  m  / 


Now  multiply  both  right  and  left  members 
of  the  equation  by  6.0  m  common  denomi¬ 
nator. 


(6.0m) 


3.0 


+  (6.0m) 


m 


2.0  m 


=  ~  (6.0m) 


2.0  +  3.0 


5.0 


/ 

6.0m 

~T 

6.0m 

"7~ 


Undo  the  division  by  multiplying  by  f 

6.0m 


(/)  5.0  = 


/ 


(/) 


5.0/  =  6.0m 


Undo  the  multiplication  by  dividing  by  5.0 

5.0 f  _  6.0  m 
5)0  —  5.0 

/  =  1.2  m 

The  steps  can  be  shortened  when  you  are 
skilled  in  the  “undoing”  method  for  solving 
equations.  For  example,  the  equation  for 
finding  the  total  resistance  of  three  resistors 
in  parallel  in  an  electric  circuit  is: 


The  solution  is: 

1  1 


20  fi  50  ft  100  12 

1  1  1 


+ 


1 


20  12  50  if 

5.0  —  2.0  —  1.0  = 


R  3 

1 

1 00  ^  r3 
ioo  12 


R  3 

ioo  12 

~R^ 

100  12 


2.0  = 

R3  = 

2.0 

Practice  problems 

1.  F  —  ma  m  =  1  0,  F  =  80,  a  =  ? 


2.  F  = 


Wa 

9 


F  =  4,  W  =  64,  g  =  32, 
a  -  ? 


3.  C  =  UF  ~  32)  C  =  20,  F  =  ? 


4.  F  = 


mv 


v  =  40,  F  =  80,  m  =  10, 


r  =  ? 


5.  E  --  \mv2  E  =  125,  m  =  10,  v  =  ? 


6. 


/. 


1 


1 


ZU 


/ 


f  =  50,  /u  =  80, 


•'  Z)i 
1  1 

/N  +  R  2  " 


=  ? 

R  3 


R i  =.  20, 
/?2  =  30, 
Z?3  =  40, 

7?r  =  ? 


An  exponent  tells  how  many  times  another 
number,  called  the  base,  is  to  be  used  as  a 
factor.  Examples: 

2s  =  2  •  2  •  2  •  2  •  2  a3  =  a  -  a  -  a 


1  1  1  1_ 

tfr  _  J?!  +  +  /28 

Suppose  that  you  wish  to  have  a  total  re¬ 
sistance  of  20  ohms  ( Q ) ,  and  you  have  two 
resistors  of  50  and  100  Q.  You  wish  to 
know  the  required  size  of  the  third  resistor. 


The  meaning  of  negative,  zero,  and  frac¬ 
tional  exponents  is  given  by  these  relation¬ 
ships: 

a~n  —  —  a"  =  1  (for  all  values  of  a) 
On 

al,n=  Va 
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Rules  for  combining  exponential  expres¬ 
sions  are: 


First,  simplify  by  writing  each  factor  in  sci¬ 
entific  notation. 


m  n 

a 


a 


m-\-n 


/  m\n  mn  /  r\m  mrm. 

(a  )  =  a  (ao)  —  a  b 


a " 


a 


m — n 


(a_\m  _  cT 

\b  /  fyn 


Scientific  notation  simplifies  the  writing  of 
numbers  by  using  powers  of  10.  For  ex¬ 
ample: 

1000  =  10  •  10  •  10  =  103 
1,000,000,000,000,000  =  1015 


Now  suppose  you  wish  to  write  6,147,300,000 
in  this  way.  You  could  write: 

61,473  X  100,000  =  61,473  X  105 

or 

6.1473  X  1,000,000,000  =  6.1473  X  109 


Notice  that  the  exponent  5,  in  the  first  case, 
is  the  number  of  places  that  the  decimal 
point  was  moved  to  the  left  in  6,147,300,000 
to  arrive  at  61,473.  Similarly,  the  decimal 
point  was  moved  9  places  to  the  left  in  the 
second  case.  Both  of  these  ways  of  writing 
the  large  number  are  correct,  but  the  second 
form  is  usually  preferred. 

Very  small  numbers  can  be  handled 
similarly: 


0.00043278  = 


4.3278 

10000 

4.3278 

10T 


=  4.3278  X  10~4 


Here  the  exponent  equals  the  number  of 
places  the  decimal  point  was  moved  to  the 
right. 

Try  performing  the  following  operations: 

6,130,000,000,000  X  0.000000374  X  45 
2 ,700 ,000,000  X~  0 . 00000000034  X  2300 

-  ? 


6.13  X  1012X  3.74  X  10~7X4.5X  101  0 

2.7X  109X  3.4X  10-i»X  2.3  X  103  —  * 

Now  gather  like  factors  and  combine. 

6.13  X  3.74  X  4.5  X  1012X  10~7X  101 
2.7  X  3.4  X  2.3  X  1  09  X  10~i°X  103 

6.13  X  3.74  X  4.5  X  104 
-  2.7  X  3.4  X  2.3 

In  this  way  there  is  no  wasted  effort,  and 
the  arithmetic  is  much  simpler.  You  may, 
of  course,  use  either  slide  rule  or  logarithms 
when  you  have  reduced  the  expression  to 
the  last  step. 


Practice  problems 

1.  Simplify  each  of  the  following: 


(a)  a2a3 

3j  2  5 

a  b  c 


<b>«7 


(<0 


a * 


(d) 


ab4c2 


(e)  2  X  102  X  6  X  10~3  X  3  X  104 

3  X  102  X  14  X  103 
7  X  104  x  10s 


2.  Write  in  scientific  notation: 

(a)  141,000  (b)  0.073 

(c)  0.00013500  (d)  48,160,000,000 

(e)  2,000,000  (f)  0.015903 


3.  Set  up  in  scientific  notation  and  solve: 

(a)  A  light  year  is  186,000  X  3600  X 
24  X  365  miles 

(b)  The  number  of  wavelengths  of  red 
light  in  1  inch  is 

1 

6700000065  X  39.37 


(c)  The  wavelength  of  a  station  broad¬ 
casting  at  1340  kilocycles  is 


300,000,000 

1,340,000 


meters 
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Percent  of  error  in  a  measurement  is  defined 
as: 

measured  value  —  correct  value 

- - -  X  TOO 

correct  value 


The  “correct  value”  may  be  the  value  con¬ 
sidered  by  experts  to  be  the  best  measure¬ 
ment  that  has  been  made.  The  Physical 
Constants  given  in  the  Appendix  are  such 
“best”  values. 

In  some  cases  (when  you  are  using  a 
meter  stick)  the  correct  value  is  considered 
to  be  a  distance  marked  on  the  stick,  and 
you  estimate  the  maximum  possible  error 
you  might  make  when  you  use  the  stick.  If 
the  stick  is  marked  in  mm,  you  might  think 
that  the  maximum  possible  error  is  0.5  mm. 
Then  you  estimate  the  per  cent  of  error  as: 

estimated  maximum  error 

- - -  X  100 

correct  value 


In  the  case  of  the  meter  stick,  if  you  are 
measuring  something  that  is  1  m  long 
( 1000  mm),  the  estimated  per  cent  of  error 
is: 


0.5  mm 
1 000mm 


X  100  =  0.05% 


However,  if  you  are  measuring  something 
that  is  1cm  long  (10mm),  the  estimated 
per  cent  of  error  is: 


0.5  mm 

Tn - X 

I  U  mm 


100 


5% 


Often  you  have  no  “best”  value  for  com¬ 
parison  when  you  make  measurements  in 
the  laboratory.  If  you  have  made  two  meas¬ 
urements  of  the  same  quantity,  you  may 
wish  to  calculate  the  per  cent  of  difference 
between  them.  In  that  case,  you  use  the 
formula: 


Practice  problems 

1.  The  speed  of  light  is  measured  by  a  stu¬ 
dent  as  2.8  X  108  m/sec.  What  is  his  per 
cent  of  error? 

2.  Millikan,  who  first  measured  the  charge 
on  the  ^lectron,  reported  a  value  of 
1.59  X  10“ 19.  It  was  later  found  that  this 
was  incorrect  because  of  an  error  in  one 
of  the  constants,  measured  by  other 
people,  which  he  had  used  in  his  calcu¬ 
lations.  What  was  the  per  cent  of  error? 

3.  If  you  estimate  a  maximum  possible  error 
of  0.5  g  when  you  use  a  certain  balance 
for  weighing,  what  is  the  per  cent  of 
error  when  the  object  has  a  weight  of 
( a )  2  kg?  ( b )  800  g?  ( c )  20  g? 

4.  Two  measurements  of  the  index  of  re¬ 
fraction  of  a  piece  of  glass  are  1.543  and 
1.598.  What  is  the  per  cent  of  difference? 

Trigonometry  of  the  right  triangle  involves 

several  functions,  among  them  the  sine, 

cosine,  and  tangent,  defined  below: 

sine  of  an  angle 

=  side  opposite  the  angle 
hypotenuse 

cosine  of  an  angle 

=  side  adjacent  to  the  angle 
hypotenuse 

tangent  of  an  angle 

=  side  opposite  the  angle 
side  adjacent  to  the  angle 


percent  of  difference  = 
difference  between  the  measurements 

X  100 


In  addition  to  the  trigonometric  functions, 
the  Pythagorean  theorem  is  also  useful  in 
problems  dealing  with  the  right  triangle. 


average  of  the  measurements 
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In  terms  of  the  triangle  shown  on  page  673, 
the  theorem  is : 

2  2  i  t.2 

c  =  a  +  b 
Practice  problems 

1.  Write  formulas  for  the  three  functions  of 
angle  B  in  the  diagram  above. 

2.  Use  the  Pythagorean  theorem  and  the 
diagrams  shown  here  to  calculate  the 
functions  of  angles  of  30°,  45°,  and  60°. 


3.  In  the  right  triangle  ABC,  angle  A  is  25° 
and  side  a  is  40  ft.  Find  sides  b  and  c. 

4.  In  the  right  triangle  ABC,  a  is  50  cm  and 
b  is  40  cm.  Find  c  and  angles  A  and  B. 


THE  GREEK  ALPHABET 


Capital 

Lower 

case 

Name 

Capital 

Lower 

case 

Name 

A 

a 

alpha 

N 

V 

nu 

B 

£ 

beta 

E 

z 

xi 

r 

y 

gamma 

O 

o 

omicron 

A 

8 

delta 

n 

77 

Pi 

E 

e 

epsilon 

p 

P 

rho 

Z 

c 

zeta 

2 

(T  or  ? 

sigma 

H 

V 

eta 

T 

T 

tau 

© 

e 

theta 

Y 

V 

upsilon 

I 

i 

iota 

<f> 

0 

phi 

K 

K 

kappa 

X 

X 

chi 

A 

\ 

lambda 

'I' 

* 

psi 

M 

P 

mu 

n 

(O 

omega 

TABLE  OF  PREFIXES 

The  following  prefixes  are  used  to  indicate  decimal  fractions  or 
multiples  of  units  in  the  metric  system. 


FRACTIONS  MULTIPLES 


Prefix 

Value 

Symbol 

Prefix 

Value 

Symbol 

deci 

T 

o 

i-H 

d 

centi 

io-2 

C 

kilo 

10s 

k 

milli 

io-3 

m 

mega 

106 

M 

micro 

io-6 

P 

giga 

109 

G 

nano 

io-9 

n 

tera 

1012 

T 

pico 

io-12 

P 
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INDEX 

Numerals  in  boldface  refer  to  pages  on  which  important  terms  are 
introduced  or  defined;  numerals  in  italics  refer  to  pages  containing  an 
illustration  without  related  text. 


A 

Absolute  pressure,  192 
Absolute  system  of  units,  42-43 
Absolute  zero,  402 
ac  ampere,  304 
Acceleration  (a),  9-17 
average,  9,  10 
centripetal,  11 
and  force,  10-11,  32-36 
of  gravity  ( g ) ,  12,  402 
negative,  10 
of  particle  in  electric 
field,  242,  243 
positive,  10 
of  projectile,  14,  15 
as  a  vector  quantity,  10-11 
and  velocity,  9-17 
Accelerator 
linear,  385-386 
particle,  98,  384 
Acceptor,  392 

Actual  mechanical  advantage, 

175 

Air  pressure,  203-207 

and  Archimedes’  principle, 
204-205 
bar  unit,  206 

effect  of  motion  on,  207-209 
and  force,  204 
measurement  of,  205-206 
millibar  unit,  206 
variation  with  altitude,  204 
Air  resistance 

and  falling  objects,  12 
and  force  of  friction,  165 
and  motion  of  an  object,  28,  29 
Aircraft,  lighter-than-air,  205 
Airplane  lift,  209 
Alchemists,  98 
Alpha  ( a )  particle  ( s ) ,  90 
in  discovery  of  nuclides,  115 
tracks  of,  in  cloud  chamber,  97 
Alpha  (a)  rays,  1 1 1 
Alternating  current, 

296,  303-324 
effective  value,  304-305 
frequency  of,  304 
generator,  295-296 
instantaneous  value,  303-304 
measurement  of,  304-306 
meters,  306 
phase  angle,  304 
phase  difference,  310 
resonant  frequency,  315-316 


sinusoidal  wave  forms  of,  304 
transformer,  318-321 
Alternating  current  circuit  ( s ) , 
303-324 

capacitance,  309,  316 
capacitive  reactance,  308, 

309,  316 
impedance,  313 
inductance,  314,  315 
inductive  reactance,  312 
Lenz’s  law,  310 
power,  305 
resistance,  305-306 
root-mean-square  value,  305 
self-inductance,  311-312 
terms  and  symbols,  table  of,  314 
Alternating  current  motors, 
322-324 

Alternating  emf,  296-297 
Altimeter,  206 

Altitude,  and  air  pressure,  204 
Amber,  electrical  nature  of,  81,  82 
Ammeter,  268,  290,  291 
Ampere  ( A ) ,  238,  258,  402 
Ampere,  Andre,  and  magnetism, 
228 

Amplification,  346-348 
Amplifier,  346-348 
vacuum  tube,  343-348 
Amplifier  circuit,  344-348 
Amplitude  modulation  ( AM ) , 
359-363 

Aneroid  barometer,  206 
Angle 

of  declination,  229 
phase,  304 
of  variation,  229 
Angstrom  ( A ) ,  7 
Anode  ( plate ) ,  336-337 
Antenna,  radio,  356-357 
Antimatter,  99 
Antineutrino,  100 
Antineutron,  99,  100 
Antiproton,  99,  100 
Archimedes,  Hall  of  Fame,  163 
Archimedes’  principle,  199-202 
applied  to  gases,  204-205 
Aristotle,  25 
Armature,  288,  289 

of  induction  motor,  322-323 
Armature  core  and  winding,  289 
Arsenic,  radioactive,  117 
Artificial  radioactivity,  115-118 
Artificial  transmutation,  98 


Atom(s),  86,  90-97 
fission  of,  1 04 
fusion  of,  102-103 
ionized  in  plasma,  286 
and  magnetism,  219-220 
size  of,  80 

See  also  Electron;  Isotopes; 

Particle 

Atom  smasher,  384.  See  also 
Particle  accelerator 
Atomic  bomb.  See  Nuclear  bomb 
Atomic  clock,  8 
Atomic  mass  unit  ( u ) ,  93 
unified,  93  (footnote),  402 
Atomic  number  ( Z ) ,  92-93,  95 
Atomic  structure,  90-96 

how  to  determine  ( chart ) ,  95 
Atomic  weight,  chemical,  93 
Atomizer,  action  of,  209 
Attraction  of  charges,  81-82,  83, 
86,  87 

Audio  frequency,  358 
Audio  signal,  359-360,  362 
in  television,  370 
Aurora  australis,  285 
Aurora  borealis,  285 
Automobile  ignition  circuit,  272 
Average  velocity,  2-3,  13 

B 

Back  (counter)  emf,  297,  298 
310,  324 

Background  count,  122 
Balanced  forces,  27-28,  29 
Bar,  206 

Bar  magnet,  216 
artificial,  226 
Barium,  122,  123 
Barometer(s) 
aneroid,  206 
mercury,  205-206 
Baryon,  100 
Base,  in  transistor,  393 
Base-collector  junction,  394 
Base-emitter  circuit,  394 
Baseball,  curving  path  of, 

208, 209 

Bathyscaphe,  202 
Battery.  See  Electric  cell 
Becquerel,  Henri,  109-110 
Bernoulli,  Daniel,  108 
Bernoulli’s  principle,  108-109 
Beryllium,  and  neutron,  115-116 
Beta  (/S )  rays,  1 1 1 
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Betatron,  98,  387-388 
Bevatron,  388 
Bias,  grid.  See  Grid  bias 
Bimetallic  bar, 

in  circuit  breaker,  246 
Binding  energy,  112 
Block  and  tackle,  183 
Bohr,  Niels 

model  of  atom,  91 
uranium  fission  announcement, 
123 
Bomb 

fission,  124 

hydrogen,  102, 131,  285 
nuclear,  128,  129 
See  also  Nuclear  bomb 
Breeder  reactors,  127 
British  engineering  system  of 
units,  42-43 
Brush,  289 
Bubble  chamber,  96 

and  charged  particles,  276,  278 
Buoyancy,  198-202 
Buoyant  force.  See  Buoyancy 

C 

Capacitance  (C),  271-272 
in  ac  circuit,  309,  316 
equation  for,  271 
Capacitive  reactance,  309,  316 
equation  for,  309 
Capacitor(s) 

in  ac  circuit,  308-310,  314-315, 
316 

in  detector,  362,  363 
in  dc  circuit,  271-272 
in  filter  circuit,  340-342 
in  transmitter,  361 
uses  of,  272 

variable,  in  receiver,  362 
Carbon,  electrical  resistance  of, 
258 

Carbon-12,  113-114 

as  basis  of  atomic  mass  unit,  92 
Carbon-14,  114 
Carrier.  See  Carrier  wave 
Carrier  frequency,  359,  362 
Carrier  wave,  359-363 
Cathode  ( K),  335-336 
directly  heated,  336 
indirectly  heated,  336 
Cathode  ray,  364-365 
and  electron,  375-379 
Cathode-ray  tube,  364-365 
and  mass-energy  relationship, 
73 

and  particle  velocity,  378-379 
Cell(s), 

electric,  252-255,  265-267 
photoelectric,  367 
solar,  397-398 


voltaic,  232 

Centre  of  gravity,  157-160,  159 
Centigrade-gram-second  system, 
42-43 

Centrifugal  force,  49-50,  49 
Centripetal  acceleration,  11 
Centripetal  force,  49-50 
equation  for,  49 
Cerenkov  radiation,  108 
CGS  system  of  units,  42,  43 
Chadwick,  James,  81,  116-117 
Chain  reaction,  124-126 
critical  size  for,  126-127 
Charge,  electric.  See  Electric 
charge 

Charge-to-mass  ratio  for  electron, 
402 

Charged  particles 

and  generator  effect,  292-298 
in  magnetic  fields,  276,  277-286 
and  motor  effect,  286-291 
in  nuclear  reactor,  285-286 
and  plasma,  286 
in  Van  Allen  belts,  284-285 
Charging  by  conduction,  87,  88 
Charging  by  induction,  86-87,  88 
Chemical  atomic  weight,  93 
Chemical  energy,  65 
Chemicals,  fluorescent,  109 
Chlorine,  isotopes  of,  93 
Choke  coil  ( choke ) ,  31 2 
Circuit,  electric.  See  Alternating 
current  circuit;  Direct 
current  circuit;  Electric 
circuit 

Circuit  breaker,  246,  272 
Circular  motion 
acceleration  in,  11 
Clock 
atomic,  8 

Cloud,  electron,  336 

Cloud  chamber,  80,  96,  97, 116 

Cobalt 

magnetic  domains  in,  221 
magnetic  properties  of,  215,  216 
relative  permeability,  225-226 
Cobalt  60,  127 

Coefficient  of  friction,  171-172 
Coil 

choke,  312 
induction,  320 
voice,  354 
wire,  310,  311 
Collector,  393 
Collector  current,  394 
Communication 
radio,  356-363 
Commutator,  288-289 
Complex  machine,  165, 166 
Component(s)  of  a  force,  57-60, 
59,  144-147 


trigonometry  used  to  find, 
148-151 

Compound  machine,  183-184 
Compound-wound  motor,  289 
Compton,  Arthur  H. 

discovery  of  cosmic  rays, 
119-121 

Conceptual  model,  392 
Concurrent  forces,  139-142,  140 
Condenser.  See  Capacitor 
Conductance,  259 
unit  of  ( mho ) ,  259 
Conduction 

of  electric  charge,  87-88 
Conductivity 

and  moisture,  235 
Conductor,  electrical,  87-88 
235-236, 257 

electron  current  in,  251-252 
Conservation  of  charge,  law  of, 
83-84 

Conservation  of  energy,  law  of,  65 
and  electric  energy,  241 
and  electrical  capacitance,  271 
in  electronic  amplification,  348 
and  friction,  175-176 
and  law  of  work,  173-174 
and  Lenz’s  law,  298 
and  neutron  discovery,  115-116 
in  transformers,  319-320 
Conservation  of  mass-energy, 
law  of,  79 

Conservation  of  matter,  law  of, 
78-79 

Conservation  of  momentum, 
law  of,  46-47 
and  collisions,  48-49 
and  discovery  of  neutron, 
115-116 

Constant  of  gravitation  ( G ) ,  39 
Constants,  table  of  defined 
values  and  adjusted  values  of, 
402 

Control  rods,  124-125 
Conventional  current,  234 
Conversion  of  measurements,  8-9 
Copper 

atomic  structure  of,  223 
as  conductor,  223,  235-236 
Cosmic  rays,  119-122,  120 
measurement  of,  284-285 
primary,  121 
secondary,  122 
Coulomb,  Charles  A. 

charge  unit  named  for,  238 
and  electrostatic  force,  84-86 
and  law  of  magnets,  217 
Coulomb,  ( C )  85,  238,  402 
Coulomb’s  law 

of  electrostatic  force,  84-86, 
85,91,  130 
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of  magnetic  force,  217 
Counter  ( back )  emf,  297-298 
Course,  3 
Critical  size,  126 

Crookes,  (Sir)  William,  333,  376 

Crookes  tube,  333 

Crystal  diode,  393 

Crystal  microphone,  355 

Crystal  pickup,  355 

Curie  Irene.  See  Joliot-Curie, 

Irene 

Curie,  Marie,  110-111 
Curie,  Pierre,  110-111 
Current.  See  Electric  current 
Current  loop  ( s ) ,  224-226 
and  generated  emf,  295-297 
in  magnetic  field,  288-289 
magnetic  field  in,  224-226 
Current  motors,  alternating, 
322-324 
Curve 

energy.  See  Energy  curve 
sinusoidal,  296 
Curve  ball,  207-209 
Curved  path 

inside  a  moving  fluid,  207-209 
and  Newton’s  laws  of  motion, 
49-50 

Cycle,  of  electric  current,  304 
Cyclotron,  98,  386-387 

D 

Dating,  carbon-14,  113-114 
Davenport,  Thomas,  277 
Decay,  radioactive,  111-114 
of  thorium,  112, 113 
of  uranium,  114 
Declination,  angle  of,  229 
Dees,  in  cyclotron,  386-387 
Definition,  operational,  27 
Deflection  plate,  365 
De  Forest,  Lee 
Hall  of  Fame,  344 
Delta  notation,  2 
Demodulation,  362-363 
Density 

magnetic  flux,  280-281 
mass,  190-191 
weight,  191 

Department  of  Transport,  360-362 
Derived  units,  33 
Detection.  See  Demodulation 
Deuterium,  99,  130-131,  132 
Deuteron,  99 

Diamagnetic  materials,  216 
Diaphragm 

of  earphones,  346 
Differential  pully,  183 
Diode,  338-343 
crystal,  393 

as  full-wave  rectifier,  339-340 


as  half-wave  rectifier,  338-339 
thermionic,  338 
Diode  detector,  362,  363 
Direct  current  (dc),  251-272,  252 
generator,  297 
meters,  290,  291 
Direct  current  circuits 
capacitors  in,  271-272 
energy  loads  in,  253-255 
energy  sources  in,  251-252 
Kirchhoff’s  rules,  263-264 
Ohm’s  law,  258-259 
and  power,  268-269 
resistance  in,  257-267 
Direction  of  electric  field,  239-240 
Displacement  ( s ) ,  2 
of  a  ship,  2OO-201 
uniformly  accelerated  object,  14 
Distance,  measurement  of  5-9 
Domain,  magnetic,  219-222,  220 
Domain  theory  of  magnetism, 

219,  222 

Donor,  in  semiconductor,  390 
Doping,  in  semiconductor,  390 
Drift,  electron,  223,  234,  236,  252 
Dry  cell,  252,  253,  255 

electromotive  force  of,  266-267 
internal  resistance  of,  265-266, 
267 
Dry  ice, 

to  reduce  friction,  170 
Dynamic  speaker,  354 
Dyne,  42,  43 

Dyne  •  centimeter  ( erg ) ,  57 
E 

Earphones,  and  phonograph,  346 
Earth 

magnetic  field  of,  228-229, 
284-285 

and  Newton’s  law  of 

gravitation,  37-40,  39,  242 
rotation  of,  8 

Edison,  Thomas  A.,  303,  343 
Edison  effect,  343 
Effective  value,  304-305 
Efficiency,  176 
equation  for,  176 
of  machines,  175-176 
Einstein,  Albert,  74-77 
Hall  of  Fame,  107 
and  mass  discrepancy  of 
atoms,  102 

special  theory  of  relativity, 
74-77,  102 

Electric  cell,  252-255 
early  battery,  232 
internal  resistance  of, 

265-267 

Electric  charge  ( s ) ,  80-88 
and  electric  field,  239-242 


of  electron,  377-383,  402 
equation  for  quantity  of,  238 
law  of  conservation  of,  83-84 
moving,  and  magnetism, 
227-230 
negative,  82-84 
polarity  of,  88 
positive,  82-84 
production  of,  80-82 
and  radio  waves,  356-357 
and  space  charge,  336 
static  (stationary),  81 
unit  of  ( coulomb ) ,  85 
Electric  circuit(s),  234-247,  245 
ac.  See  Alternating  current 
circuits 

base-emitter,  in  transistor,  394 
capacitive,  313 
conductance,  259 
and  current  and  potential  dif¬ 
ference  related,  312-314 
dc.  See  Direct  current  circuits 
filter,  340-342 
fuse,  246 

Kirchhoff’s  rules  for,  263-264 
load, 245 
mho,  259 

Ohm’s  law  for,  258-259 
oscillating,  315-316 
in  parallel,  254 
power  in,  268-269 
resistance  in,  257-267 
resistive,  306 

schematic  diagram  of,  245-247 
in  series,  254-255 
switch  in,  245,  246 
Electric  current  ( s ) ,  223 

alternating.  See  Alternating 
current 

in  a  capacitive  circuit,  309-310 
in  a  circuit  with  impedance,  314 
collector,  394 
conventional,  234 
direct.  See  Direct  current 
electron,  233-236 
emitter,  394 
fluctuating,  341-342 
forces  between,  236-238 
in  a  gas,  331-334 
in  induction  motors,  322 
inductive  circuit,  equation,  312 
lead, 310 

and  magnetism,  224-225, 
227-229,  236-237,  287 
maximum  value  of,  304 
and  mechanical  force,  438 
in  a  near-vacuum,  335-337 
and  Ohm’s  law,  258-259 
potential  difference,  312-314 
Electric  energy,  64 

conservation  of,  241-242 
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conversion  to  heat  energy,  245, 
269-270 

conversion  to  mechanical 
energy,  288-289 
and  friction,  167 
loads,  253-255 
and  nature  of  matter,  80-88 
potential,  240-241 
sources,  251-253,  255 
storage  in  capacitors,  271-272 
transfer  in  electric  circuit,  243 
transmission  of,  320-321 
unit(s)  of,  269 
usefulness  of,  246 
volt-rating  of,  253 
Electric  field,  239-243,  252 
and  gravitational  field,  242 
direction  of,  239-240 
and  electron  beam  path, 
365-366 
intensity  of,  240 
and  energy  of  a  particle,  242 
and  potential  difference, 
240-241 

Electric  loads,  253-255 
in  parallel,  254 
in  series,  254-255 
Electric  meters.  See  Meters, 
electric 
Electric  power 
in  ac  circuit,  305 
in  dc  circuit,  268-269 
Electric  shock,  235 
Electric  ( video )  signal,  355, 
368-370 

Electrical  resistance,  257 
factors  affecting,  257-258 
IR  drop,  261-267 
Ohm’s  law  for,  258-259 
in  series  and  in  parallel, 

260,  267 

unit  of  (ohm),  258 
Electrodes,  332 

See  also  Anode;  Cathode 
Electrolyte,  235 
Electromagnet,  225-226 
Electromagnetic  waves,  356-358, 
357 

Electromagnetism 

free  electrons,  223-224 
generator  effect,  292-298 
left-hand  rule,  224-225 
Lenz’s  law,  297-298 
and  magnetic  fields,  276, 
277-286 

and  mechanical  force,  226 
motor  effect,  286-291 
relative  permeability,  225-226 
solenoid,  226 

Electromotive  force  ( emf ) , 
266-267 


back  (counter), 297-298 
conversion  from  ac  to  dc, 
296-297 

generated  equation  for,  294 
and  generator  effect,  292-298 
induced  in  a  coil,  equation 
for,  311 

induced  by  electromagnetic 
wave,  357 

Electron(s),  72,  81,  83,  86,  111 
and  cathode  ray,  364-365 
charge  of,  83,  380-383 
charge-to-mass  ratio,  402 
chemical  nature  of  atom, 

91  92 

deflection  of,  276,  277-282 
discovery  of,  90-91,  375-379 
drift  of,  in  solids,  223,  234-236, 
252 

free,  87,  223,  224 
and  ionization,  96 
mass  of,  381-383 
and  mass-energy  relation,  73-75 
measurements  of,  380-383 
orbits  of,  95,  228 
and  thermionic  emission, 
335-336 
tracks  of,  97 
work-function  of,  335 
See  also  Particle 
Electron  beam,  365-366 

in  television,  283-284,  368-370 
Electron  cloud,  337 
Electron  gun,  365,  368 
Electron  rest  mass,  defined,  402 
Electron  shell,  389-390 
Electron  spin,  228 
Electron  tube,  335 

cathode-ray  tube,  364-365 
gas-discharge  tube,  331-334 
vacuum  tube,  335-348 
Electron  volt  ( eV ) ,  242-243 
Electronics,  331-371 
Electroscope,  87-88,  89 
in  cosmic  ray  discovery, 

119-121 

Electrostatic  force  ( s ) ,  81 
Coulomb’s  law  of,  84-86,  85 
and  gravitational  force,  86 
Elements,  atomic,  91-92 
chemical  nature  of,  91-92 
fission  of,  104 
fusion  of,  102,  103 
radioactive,  111-112 
in  semiconductor,  389 
table  of,  94-95 
transmutation  of,  98-100 
Elementary  particle.  See 
Particle 
Ellipse,  50 

Elliptical  path,  50-51 


emf.  See  Electromotive  force 
Emitter,  393 
Emitter  current,  394 
Empirical  law,  170 
Energy,  64 
binding,  102 
chemical,  65 

from  mass  conversion,  78-79 
Einstein’s  equation  for,  76 
electric.  See  Electric  energy 
of  electron  in  electric  field, 
242-243 

fission,  122-129, 132 

forms  of,  64-65 

fusion,  130,  132 

kinetic,  64 

light,  64 

and  mass,  73-78 

measurement  of,  66-69 

mechnical,  64-65 

nuclear,  122-132 

potential,  64 

transmutation,  101-104 

See  also  Conservation  of  energy; 

Energy  conversion. 

Energy  conversion,  64-65 
in  electric  circuits,  243 
in  electric  lamps,  64 
electric  to  heat,  245 
electrical  to  mechanical, 
288-289 

electrical  to  sound,  346 
frictional  to  heat,  170-171 
frictional  to  light,  171 
frictional  to  sound,  171 
heat  to  electric,  in  thermo¬ 
couple,  396-397 
light  to  electric,  346 
mass-energy,  78-79,  102 
mechanical  to  electric, 

292-298 
in  radio,  64 
sound  to  electric,  346 
in  television  set,  64 
in  transducers,  353-354 
by  transmutation,  101-105 
Energy  equivalent  (  AE),  77 
Energy  levels  of  atoms,  389 
Energy  states.  See  Energy 
levels 

Equation(s), 

review  of,  403-409 
Equilibrant,  141-142 
Equilibrium,  138,  141-142 
with  concurrent  forces,  139-142, 
140,  148-151 

with  parallel  forces,  152-156 
Equilibrium  law.  See  Equilibrium 
Erg,  57 

Error,  percent  of,  19-20 
Exponents,  in  scientific 
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notation,  19 

F 

Falling  objects,  and  uniform 
acceleration,  12-14 
Fallout,  128 
Farad  (F),  271-272 
Faraday,  Michael,  272 
Fast  neutrons,  126 
Fermi,  Enrico 

and  first  nuclear  reactor, 

127 

Hall  of  Fame,  135 
Ferromagnetic  materials,  216, 
structure  and  domains,  219-220 
See  also  Cobalt,  Iron 
Field.  See  Electric  field;  Gravi¬ 
tational  field;  Magnetic  field 
Field  core,  322,  323 
Field  windings,  322,  323 
Filter  circuit,  340-341 
inductors  in,  342 
Fission.  See  Nuclear  fission 
Fission  bomb,  124 
Fleming,  ( Sir)  John  A.,  343,  351 
Fleming  valve,  344 
Flotation,  200-201 
Fluctuating  current,  341-342 
Fluid  ( s ) ,  199 

forces  in,  188,  189-209 
moving,  pressure  in,  207-209 
S ee  also  Gas  ( es ) ;  Liquid  ( s ) ; 
Liquid  pressure 
Fluorescence,  334 
Fluorescent  chemicals,  1 09 
Fluorescent  lamp,  331-332,  334 
Flux.  See  Magnetic  flux 
Flux  density.  See  Magnetic 
flux  density 
Foot  (ft),  6 
Foot  •  pound,  57 
Force(s)  (F),  27 

and  acceleration,  10-11,  32,  36 
action  and  reaction  of,  45-51 
balanced,  27-30,  28 
buoyant,  198-202 
centrifugal,  49-50 
centripetal,  49-50 
on  charge  in  magnetic  field, 
280-282 

components  of,  57-60,  59, 
144-147 

concurrent,  139-142,  140 
between  electric  currents, 
236-238 

from  electric  field,  239-241 
electrostatic,  81,  84-86 
equilibrant,  141-142,  143 
in  equilibrium,  138,  139-160 
in  fluids,  188,  189-209 
in  gases,  203-207 


gravitational,  37-44,  55-57,  86 
line  of,  140,  218,  219,  220 
in  liquids,  189-202 
magnetic,  218-222 
moment  of  a,  153-154 
and  momentum,  34-35 
in  moving  fluids,  207-210 
input,  1 74 

and  motor  effect,  286-291 
nonconcurrent,  152-156 
normal,  171 
nuclear,  130 
output,  174 
parallel,  152-156 
problems  on,  146-151 
resultant  of,  27-28,  141-142, 
143 

and  simple  machines,  165-185 
twisting.  See  Torque 
unbalanced,  27-30,  28 
units  of,  33,  41-43 
as  a  vector  quantity,  2 
and  velocity,  27-32 
of  weight,  40-41,  56-57 
and  work,  55-60 
Force,  magnetic.  See  Law  of 
magnets 

Fourth  state  of  matter  ( plasma ) , 

286 

Franklin,  Benjamin,  82,  83 
Free  electrons,  87,  252 
drift  of,  234-236 
and  electromagnetism,  223,  224 
in  generator  effect,  292 
in  thermocouples,  396 
Frequency, 

and  ac  circuits,  304 
audio,  358 
resonant,  315-316 
and  wavelength,  357-358 
Frequency  modulation  ( FM ) , 
359-361 
Friction 

coefficient  of,  171-172 
and  conservation  of  energy, 
175-176 

force  of,  165-171 
and  heat,  174 
laws  of,  167-170 
and  motion  of  an  object,  28,  29 
reduction  of,  170 
rolling,  169-170 
in  simple  machines,  175-176 
sliding,  168-170,  169 
starting,  169-170 
Frictional  energy 

conversion  to  heat  energy, 
170-171 

conversion  to  sound  energy,  171 
Frisch,  Otto,  123 
Fulcrum,  154,  179 


Full- wave  rectifier,  339-340 
Fundamental  particle.  See 
Particle 

Fundamental  units,  33 
Fuse,  246 

Fusion,  nuclear.  See  Nuclear 
fusion 

Fusion  reactor,  131 
G 

Gain,  348 

Galilei,  Galileo,  73 

and  falling  bodies,  12,  42 
and  force,  28 
Hall  of  Fame,  25 
Galvanometer,  290,  291 
Gamma  rays,  1 1 1 

prevention  of  damage  by, 
128-129 

transduction  of,  371 
Gas  ( es ) , 

and  Archimedes’  principle, 
204-205 

electric  current  in,  331-334 
electron  flow  in,  234-235 
forces  in,  203-207 
moving,  207-209 
pressure  in,  203-207 
Gas-discharge  tube,  331-334 
in  discovery  of  electron, 
375-379 

Gasoline,  specific  gravity  of,  202 
Gauge  pressure,  192 
Geiger-Miiller  counter,  113,  122, 
355 

as  transducer,  371 
Geissler,  Heinrich,  333 
and  vacuum  pumps,  376 
Geissler  tube,  333 
Generated  emf,  294 
Generator 

ac,  295-296, 297 
dc,  297 
field  of,  289 

Van  de  Graaff,  98,  384-385 
Generator  effect,  292-298,  294 
compared  to  motor  effect,  295 
three-finger  rule,  295 
Germanium,  374 
n-type,  392-393 
p-type,  392 

in  semiconductors,  390-393 
Grain  of  force,  85 
Gram  ( g)  of  mass,  31-  32,  42,  43 
Graphite 

in  nuclear  reactor,  126 
to  reduce  friction,  170 
Gravitation 

constant  of  ( G ) ,  39,  402 
Newton’s  law  of  universal, 
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37-40,  39 

Gravitational  field 
and  electric  field,  242 
Gravitation  force  ( s ) ,  37-44 
and  electrostatic  force,  86 
Gravitational  mass,  42 
Gravitational  system  of  units, 
42-43 
Gravity 

acceleration  of  ( g ) ,  12 
centre  of,  157-160, 159 
force  of,  37-44,  55-57 
specific.  See  Specific  gravity 
Greek  alphabet,  414 
Grid  ( G ) ,  electrode,  344 
Grid  bias,  345,  347-348 
Grid  voltage,  345 
Grounded  wire,  235 

H 

Hahn,  Otto,  122 
Half-life,  112 
Half-wave  rectifier,  339 
Heat,  64 

and  electric  energy,  245, 
269-270 

and  friction,  170-171,  174 
mechanical  equivalent  of,  402 
Heat  pump, 

thermocouple  as  a,  397 
Heating  effect,  electric,  252 
Heavy  atoms,  fission  of,  104 
Heavy  water,  in  nuclear  reactor, 
126 
Helium, 
atom,  100 
isotopes  of,  93 
in  lighter-than-air  craft,  205 
nuclear  structure  of,  91,  92,  111 
Henry  ( H ),  31 1 
Hertz,  Heinrich,  376 
High-voltage  transmission  liners, 
321 

Holes,  in  semiconductor,  391 
Horizontal  sweep  in  TV,  366 
Horsepower  ( hp ) ,  62 
Hurricane,  54 
Hydraulic  brakes,  197 
Hydraulic  press,  196-197 

ideal  mechanical  advantage  of, 
197 

Hydrogen  atom  ( s ) 
fusion  of,  130-131 
isotopes  of,  92-93,  130-131 
nuclear  structure  of,  91 
particle  tracks  of,  116 
Hydrogen  bomb,  102,  131,  285 
Hydrogen  gas 

in  gas-discharge  tube,  235 
in  lighter-than-air  craft,  205 
Hydrometer,  201 


Hydrostatic  paradox,  196 

I 

Iconoscope, 367-369 
Ideal  mechanical  advantage,  1 75 
Ideal  transformer,  319 
Image  orthican,  367 
Impedance,  313 
equation  for,  314 
Inch  ( in. ) ,  6 
Inclined  plane,  173-177 
screw,  177 
wedge,  176-177 
Induced  emf,  294 
in  a  coil,  311 
Inductance,  311,  314 
Induction 

charging  by,  86-88,  87 
magnetizing  by,  222 
Induction  coil,  320 
Induction  motor,  322-324 
Inductive  reactance,  312 ,316 
Inductor(s),  311-313 
in  ac  circuits,  308 
in  filter  circuits,  342 
Inertia,  30-31,  35,  36 
law  of,  29-30 
and  mass  of  electron,  73 
Inertial  mass,  41,  42 
Infinity,  76 
Input  arm,  1 79 
Input  distance,  175 
Input  force,  174 
Input  signal,  346-347 
Input  work,  1 73 
Instantaneous  value,  304 
Insulator,  87,  235-236 
Internal  resistance,  265-266 
International  prototype  kilogram, 
7,31,32 

Internal  prototype  meter,  6-7 
Iodine,  radioactive,  117,  128 
Ion(s),  96,  97 

in  gas-discharge  tube,  333 
negative,  96 
positive,  96 
Ionization,  96 

at  fusion  temperatures,  131 
of  liquids  and  gases,  234-235 
IR  drop, 261-267 
Iron 

magnetism,  215-221 
relative  permeability,  225-226 
soft,  217 

Isogonic  lines,  229 
Isotope(s),  92-93 
barium,  122-123 
carbon, 92, 113-114 
chlorine,  93 
cobalt,  127 
helium,  93 


hydrogen,  92 
lead,  114 

lithium,  132,  282,  283 
oxygen,  93 

radioactive  (radioisotope),  112 
stable,  1 1 2 
transmutation  of,  98 
uranium,  113,  283 

J 

Jet  engine, 

power  rating,  62-63 
Joliot-Curie,  Frederic,  115-117 
Joliot-Curie,  Irene,  115-117 
Joule,  James  P.,  57 
Joule  (J),  57 

and  electric  energy,  269 
Junction 

back-biased,  392,  393,  394 
base-collector,  394 
front-biased,  392,  394 
p-n,  392-393 
in  thermocouple,  396 
Jupiter,  weight  on,  40 

K 

Kilocycle  (kc),  357 
Kilogram  (kg),  6-7,  31-32,  42,  402 
Kilogram  of  force  ( kgf ) ,  41 
Kilowatt  ( kW ) ,  62 
Kilowatt  •  hour  ( kWh ) ,  62,  269 
Kinetic  energy,  64 
of  electron,  242 
equation  for,  68,  69,  76 
measurement  of,  67-68 
Kirchhoff,  G.  R. 

and  electric  circuits,  263 
Kirchhoff’s  rules,  263-264,  394 
Krypton  84,  123 
Krypton  86,  7 

L 

Lamp 

fluorescent,  331-332,  334 
neon,  331,  332 
Latitude  effect,  121 
Law 

empirical,  170 
scientific,  29-30 
Lawrence,  E.  O.,  386 
Lead 

isotopes  of,  114 
in  nuclear  reactor,  128 
and  thorium-234  decay,  112 
Lead  current,  310 
Left-hand  rule,  244-225,  279 
Length,  standard  of,  6-7 
Lenz’s  law,  297-298 

and  squirrel-cage  motor,  324 
and  wire  loop,  310 
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Lever,  178-184 

and  law  of  moments,  178-179 
mechanical  advantage  of,  179 
Lever  arm,  153-156 
Lift  of  an  airplaine,  209 
Light 

and  frictional  energy,  171 
Light  meter.  See  Comparison 
photometer 
Lightning,  81 
Limits,  76 

Line  of  action  of  a  force,  140 
Linear  accelerator,  385-386 
Liquid ( s) 

buoyancy  of,  199-202 
electron  flow  in,  234-235 
pressure  in.  See  Liquid  pressure 
specific  gravity  of,  189-191 
Liquid  pressure,  189-197 
Archimedes’  principle,  198-202, 
199 

and  depth,  191-192,  194 
equation  for,  192 
hydrostatic  paradox,  196 
force  exerted  by,  194 
Pascal’s  principle,  195-197,  196 
transmission  of,  195-197 
units  of,  191 

in  water  systems,  192-194 
Litre,  defined,  402 
Lithium,  132 

isotopes  of,  132,  282,  283 
Load,  245,  253-255 
of  rectifier  circuit,  339 
Loading  ramp,  173-174 
Lodestone,  217 

Loop,  current.  See  Current  loop 
Lorentz,  H.  A.,  (footnote),  74 
Lorentz-Einstein  law,  74 

M 

Machine(s),  165,  173,  184 
complex,  165, 166 
compound,  183-184 
efficiency  of,  171,  175-176 
mechanical  advantage,  174-175 
simple,  164,  165, 166,  173-184 
Magnet  (s ) 

atomic,  219-220 
bar,  216 

in  circuit  breaker,  246 
horseshoe,  216 
law  of,  217 

permanent,  217,  290,  292,  306 
strength  of,  and  emf ,  293 
Magnetic  compass,  216,  217,  219, 
229 

Magnetic  deflection,  276,  277-282, 

278 

Magnetic  domain,  219-222,  220 
Magnetic  field  ( s ) ,  2 1 8-222,  224, 


227 

and  angle  of  declination,  229, 
229 

and  betatron,  387-388 
around  conducting  loop, 
288-289, 296-297 
of  earth,  228-229,  284-285 
around  electric  current,  224-225 
and  generator  effect,  292-298, 
294 

in  induction  motors,  322-324 
lines  of  force  in,  218 -220,  219 
and  motor  effect,  286-291 
and  moving  charges,  276, 
277-286,  278 

in  nuclear  reactor,  285-286 
poles  of,  216-219 
in  synchrotron,  388 
in  television,  282-284 
Magnetic  force  law,  217 
Magnetic  flux,  281 
and  emf,  294 

Magnetic  flux  density,  280-281 
in  conductors  of  rotor,  322 
and  current  change,  310,  311 
and  emf,  293 
and  induced  emf,  311 
transduction  of,  371 
Magnetic  induction,  222 
Magnetic  materials,  215-216 
Magnetic  moment,  218 
Magnetic  poles,  216-217 
and  direction  of  emf,  293 
of  earth,  120 

Magnetic  transducer,  354 
Magnetism,  216 

Coulomb’s  law  of,  217 
domain  theory  of,  219-220 
and  electronic  spin,  228 
induced,  222 
law  of  magnets,  217 
and  moving  electric  charges, 
227-229 

Magnetite,  215,  217,  221 
Magnetosphere,  284 
Manganin,  electrical  resistance  in, 
258 

Marconi,  Guglielmo,  359 
Mass,  30-31, 41 
change,  73-77 
of  electron,  381-383 
and  energy,  78-79 
gravitational,  42 
inertial,  42 
of  isotopes,  92-93 
as  measure  of  inertia,  30-31 
moving,  and  speed  limit,  74, 
75-76 

nuclidic,  93 
relativistic,  74 
rest,  74,  101 


standard  of,  6,  31-32 
unit  ( s )  of,  31-32,  42-43,  93 
and  weight,  distinguished,  41 
Mass  density,  190-191 
equation  for,  190 
of  water,  191 

Mass-energy  conservation,  79 
Mass-energy  conversion,  102 
Mass-energy  relationship,  73-79 
Mass  number  ( A ),  93,  95 
Mass  spectrometer,  282 -283 
Mathematical  limits,  76 
Matter 

electrical  nature  of,  80-88 
law  of  conservation  of,  78-79 
and  mass-energy,  73-79 
plasma,  131,  286 
transmutation  of  elements  of, 
98-104 

See  also  State(s)  of  matter 
Maximum  value  of  current,  304 
Maxwell,  James  Clerk,  376 
Mean  value,  19,  20 
Measurement,  scientific,  19-21 
accuracy  of,  20-21 
of  air  pressure,  205-207 
converting  systems  of,  8-9 
of  distance  and  time,  5-9 
of  electron  charge,  380-383 
of  electrostatic  force,  84-86 
of  energy,  66-69 
and  mean  value,  20 
and  percent  of  error,  19-20 
significant  digits  in,  20-21 
See  also  Unit(s);  or  unit  by 
specific  name 

Mechanical  advantage  ( MA ) , 
174-175 
actual,  175 

and  direction  of  force,  184 
equation  for,  174 
of  hydraulic  press,  197 
ideal,  175 

of  inclined  plane,  175 
of  lever,  179 
of  pulley,  182-183 
and  speed,  184 
of  wheel  and  axle,  181 
of  wrecking  bar,  179 
Mechanical  energy,  64-65 

from  electrical  energy,  288-289 
to  overcome  friction,  170-171 
Mechanical  equivalent  of  heat, 
402 

Mechanical  force  ( s ) 
exerted  by  electric  field, 
239-241 

produced  by  electromagnets, 
226 

Mechanical  power,  62 
Mechanical  stability,  159-160 
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Megacycle  (me),  357 
Meitner,  Lise,  123 
Mercury, 
orbits  of,  390 

Mercury  barometer,  205-206 
Meson  100,  116 
Metal(s) 

as  conductors,  235,  236 
and  thermionic  emission,  335 
work-function  of,  335 
Meter  (m),  unit,  6-7,  402 
international  prototype,  6-7 
standard  defined,  7,  402 
Meter  movement,  290,  306 
Meter-kilogram-second-ampere 
system.  See  MKSA  system 
of  measurement 
Meters,  electric 

alternating  current,  306 
direct  current,  290,  291 
Metric  system  of  measurement, 
6-8 
Mho,  259 

Michelson,  Albert,  73 
and  standard  meter,  7 
Microcoulomb  (,uC),  238 
Microfarad,  (/xF),272 
Micrometeors,  371 
Micron  (/*),  7 
Microphone,  346,  354 
Mile  ( mi ) ,  defined,  6 
Millibar,  206 
Millikan,  Robert  A.,  375 
discovery  of  cosmic  rays, 
119-121 

oil-drop  experiment,  380-382 
Millimicron  ( m/x ) ,  7 
Missile,  path  of,  50 
MKSA  system  of  measurement, 
6-8,  42,  402 
electric  charge,  85 
electric  current,  238,  258 
force,  33,  41,  42 
length,  6-7 
mass,  31,  42 
time,  7-8 
Moderator,  126 
Modulation,  359 

amplitude  ( AM ) ,  359,  360 
frequency  ( FM),  359-360,  362 
Modulator,  361 
Moment  of  force,  153-154 
law  of,  153-154,  178-179 
of  magnetic  fields,  218 
Moment  arm,  153 
Momentum,  34 
and  force,  34-35 
law  of  conservation  of,  46, 
47-49 

and  motion,  34 

and  third  law  of  motion,  46-47 


Moon 

and  law  of  gravitation,  39-40 
and  path  of  satellite,  51 
and  tides,  39 
weight  on,  40 
Morse,  Samuel,  359 
Mosaic  screen,  368,  369 
Motion 

accelerated,  9-17 
and  air  pressure,  207-209 
circular,  acceleration  in,  11 
in  a  curved  path,  49-50 
in  an  elliptical  path,  50-51 
and  friction,  168-170 
and  momentum,  34 
and  parallel  forces,  152-154 
projectile,  14-17 
uniform,  1-4 

uniformly  accelerated,  12-17 
Motor(s) 

ac  and  dc  types  compared,  324 
alternating  current,  322-324 
compound-wound,  289 
direct  current,  289,  324 
field  of,  289 
induction,  322-324 
series-wound,  289 
shunt-wound,  289 
squirrel-cage,  322,  323 
synchronous,  323 
Motor  effect,  286-291,  287 
compared  to  generator  effect, 
295 

and  electric  meters,  290 
equation  for,  288 
in  operation  of  speaker,  354 
Muon,  100 

N 

n-type  germanium,  392 
n-type  semiconductor,  390 
Natural  radioactivity.  See  Radio¬ 
activity,  natural 
Negative  acceleration,  10 
Negative  electricity,  234 
Neon 

in  gas-discharge  tube,  333 
lamp,  331,  332 
Neptunium,  125 
Neutrino,  100 

Neutron,  83,  84, 116, 123, 124 
charge  of,  83 
discovery  of,  91,  115-116 
fast,  126 

rest  mass  of,  402 
slow,  126 

Newton  ( N ) ,  33,  41,  42 
Newton,  Isaac 

and  force  of  gravity,  37-40 
laws  of  motion,  28-36,  29,  33, 
45-47 


laws  of  motion  and  relativity, 
73,  75,  76 

law  of  universal  gravitation, 
37-40 

and  momentum,  34 
Newton’s  laws  of  motion 
first  law,  29-30,  31,  35,  41 
second  law,  33-35,  36,  41,  68 
third  law,  45-47,  208 
Newton’s  law  of  universal 
gravitation,  37-40,  39 
Newton  •  meter  ( Joule ) ,  57 
Nickle,  magnetism  of,  215,  216 
No-load  potential  difference,  267 
Nonconcurrent  forces,  152-156 
Normal  force,  171 
North  Magnetic  Polar  Area,  229 
North  pole  ( N-pole ) ,  of  a 
magnet,  216 
North-seeking  pole,  216 
Northern  lights,  81,  281 
Nuclear  bomb,  128,  129 
Nuclear  energy 

from  fission,  122-129 
from  fusion,  130-132 
Nuclear  force,  130 
Nuclear  fission,  104,  123,  128, 129, 
131 

control  of,  124-125 
and  Coulomb’s  law,  130 
and  fusion,  compared,  132 
of  uranium,  122-127 
Nuclear  fusion,  102-103, 130-132 
controlled  reactions,  285-286 
as  power  source,  131 
Nuclear  pile.  See  Nuclear  reactor 
Nuclear  power,  131 
Nuclear  reactor,  108,  124-127 
control  of,  285-286 
uses  of,  127-129 
Nucleons,  93 
Nucleus  of  an  atom,  91 
binding  energy  of,  102 
bombardment  of,  98 
discovery  of,  91 
of  helium,  91 
of  hydrogen,  91 
and  Rutherford’s  hard  work, 
115 

Nuclide,  92-93 

discovery  of,  115-117 
mass  of,  93 

O 

Ocean  water,  specific  gravity  of, 
201 

Ohm,  (n),  258 
Ohm,  Georg  Simon,  258 
Ohmmeter,  291 
Ohm’s  law,  258-262 
and  ac  circuits,  306 


INDEX 


423 


in  electric  power  computation, 
269 

limitations  of,  259 
Oil-drop  experiment,  380-382 
Open-circuit  potential  difference, 

267 

Operational  definition,  27 
Orbit 

of  electron,  95,  228 
of  satellite,  41 
Oscillating  circuit,  315-316 
Oscillator, 

in  radio  transmitters,  361 
Oscilloscope,  364-366 
Outer  space 

force  of  gravity  in,  39,  40 
force  of  weight  in,  40,  41 
paths  of  objects  in,  50-51 
and  primary  cosmic  rays,  121 
Output,  of  work,  173 
Output  arm,  179 
Output  distance,  175 
Output  force,  174 
Output  signal,  346-347 
Oxygen,  91,  93 
orbits  of  electrons  in,  389-390 

P 

Parabola,  and  projectile,  16, 17 
Parabolic  reflector,  352 
Parallel  circuit,  254 
Parallel  forces,  152-156 
Paramagnetic  materials,  216 
Particles,  fundamental,  100 
in  accelerator,  384 
charged.  See  Charged 
particles 

in  electric  field,  242,  243 
experiments,  375-379 
rest  masses  of,  100,  101 
and  transmutation  of  elements, 
98-104 

unit  of  energy  of,  242-243 
See  also  Alpha  particle;  Anti¬ 
neutrino;  Antineutron;  Anti¬ 
proton;  Baryon;  Electron; 
Meson;  Muon;  Neutrino; 
Neutron;  Photon;  Positron; 
Proton 

Particle  accelerator,  98,  384 
Pascal,  Blaise,  196 
Pascal’s  principle,  195-196 
Path 

curved,  49-50,  208,  209 
elliptical,  50-51 
of  objects  in  space,  50 
Peak-to-peak  value,  347 
Percent  of  error,  19-20 
Permanent  magnet.  See  Magnet, 
permanent 

Permeability,  relative,  225-  226 


Perrin,  J.  B.,  377 
Phase  angle,  304 
Phase  difference,  310 
Phonograph  pickup,  346,  354 
Phosphor,  334 
Phosphorus  30,  116-117 
Photoelectric  cell,  346,  367 
as  transducer,  371 
Photoelectric  effect,  367,  397-398 
in  solar  cells,  397 
in  television  cameras,  368 
Photoelectric  emission.  See 
Photoelectric  effect 
Photon,  100 
Picofarad,  272 
Piezoelectric  effect,  355 
Pile,  nuclear.  See  Nuclear  pile 
Piston,  in  hydraulic  press,  196, 197 
Pitchblende,  110 
Planck’s  constant  ( h ) ,  402 
Plane,  inclined.  See  Inclined  plane 
Plane-polarized  light,  380 
Planets 

orbits  of,  51 
Plasma,  131,  286 
Plate  ( anode),  336 
Plate  current,  345 
Platinum 

and  standard  kilogram,  32 
and  standard  meter,  6 
Platinum-iridium  kilogram  bar,  32 
Plutonium,  125-126,  127 
p-n  junction,  392-393,  392 
in  solar  cell,  398,  398 
p-type  germanium,  392 
Polarity,  88 

Pole  faces,  of  field  of  motor,  289 
Pole,  magnetic.  See  Magnetic  pole 
Polonium,  112,  202 
discovery  of,  110,  111 
Positive  charge,  82 
Postive  electricity,  234 
Positive  ion,  96 
Positron,  84,  100,  117 
Potential  difference,  241,  242 
243, 319 

in  ac  circuit,  303-304 
and  circuit  current,  312-314 
effective  value  of,  305 
and  IB  drop,  261, 262-267 
and  Kirchhoff’s  second  rule, 
263-264 
no-load,  267 
open-circuit,  267 
unit  of,  243 
Potential  energy,  64 
electric,  240-243 
measurement  of,  66-67 
Pound,  41,  42,  43,  402 
Power  (P),  61-63 
electric,  268-269 


equation  for,  61,  63,  269 
loss  of,  in  lines,  321 
mechanical,  62 

source  of,  in  nuclear  fusion,  131 
Power  rating  of  jet  engines,  62-63 
Prefixes,  table  of,  414 
Pressure,  191 
absolute,  192 

Bernouilli’s  principle,  108-109 
equation  for,  191 
fluid,  and  kinetic-molecular 
theory,  194 
of  gases,  203-207 
in  gas-discharge  tubes,  332-333 
gauge,  192 

in  a  moving  fluid,  107-109 
Primary  cosmic  rays,  121 
Primary  winding,  318,  319 
Projectile,  trajectory  of,  16-17 
Projectile  motion,  14-17 
Protactinium,  112 
Proton,  83-94,  98-100,  103, 116 
charge  of,  83 
rest  mass  of,  defined,  402 
tracks  of,  97 
Pulley,  182-184 

block  and  tackle,  system,  183 
differential,  1 83 
mechanical  advantage  of, 
182-183 

Pump,  heat.  See  Heat  pump 
Pump,  vacuum.  See  Vacuum 
pump 

Q 

Quantity 

of  charge,  equation  for,  238 
scalar,  2,  57 

vector.  See  Vector  quantity 
R 

Radiation 

Cerenkov,  108 
prevention  of  damage  by, 
128-129 

radioactive,  110-111 
Radiation  belts,  Van  Allen,  284 
Radio  antenna,  356 
Radio  communication,  356-363 
table  summary  of,  363 
Radio  frequency  (rf ),  358 
Radio  telescope,  352 
Radio  transmitter,  361 
modulator  in,  361 
oscillator  in,  361 
Radio  waves,  356-358 
modulation  of,  359-363 
transduction  of,  357-360 
Radioactive  decay,  111-112 
Radioactive  element,  111-112 
Radioactivity,  110-111 
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artificial,  115-118 
natural,  109-114 
Radioisotope  ( s ) ,  112-118 
danger  of,  112-113 
uses  of,  113-114,  117-118 
Radium,  discovery  of,  110,  111 
Raster,  television,  369 
Reactance 

capacitive,  308,  309,  316 
inductive,  312 ,316 
Reaction,  thermonuclear,  1 30 
Reactor 
fusion,  131 

nuclear.  See  Nuclear  reactor 
Receiver,  television,  370 
Rectification,  339 
Rectifier,  306 

in  demodulation,  362-363 
full-wave,  339-343 
half-wave,  338,  339-343 
for  measuring  ac  values,  306 
semiconductor,  393 
tubes,  339 

Reflector,  parabolic,  352 
Relative  permeability,  225-226 
Relativistic  mass  ( m ) ,  74 
Relativity 

special  theory  of,  74-77,  102 
Repulsion  of  charges,  81-82,  83, 
84,  86,  88 

Resinous  charge,  82 
Resistance,  air,  1 65 
Resistance,  electrical,  257 
in  ac  circuits,  305-306 
of  circuit  wiring,  264-265 
of  conductors,  236 
and  cross-sectional  area, 

257,  258 

in  dc  circuits,  257-267 
of  insulators,  236 
internal,  265-267 
and  Kirchhoff’s  rules,  263-264 
and  length,  257 
Ohm’s  law  of,  258-259.  See  also 
Ohm’s  law 
in  parallel,  261-263 
resistive  circuit,  306 
in  series,  260-261 
and  temperature,  258 
as  transducer,  in  electronic 
oscillator  circuit,  371 
Resistive  circuit,  306 
Resistors,  electrical,  257-267 
Resonance, 

in  electric  circuits,  315-316 
Resonant  circuit,  315-316 
Resonant  frequency  ( fr ) , 

315-316 

Rest  mass  ( mo ) ,  74 
of  small  particles,  101 
Resultant,  3-4 


Resultant  of  forces,  28 

and  centre  of  gravity,  159-160 
for  concurrent  forces,  139-142, 
143, 144,  149 
equation  for,  141 
and  trigonometry,  149 
Rheostat,  394-395 
Ripple,  of  rectifier  filter  circuit, 
340,  341-342 
rms  value,  305 
Rocket 
path  of,  51 

Rocket  belt,  26,  27,  45-46 
Rolling  friction,  169-170 
Rontgen,  W.  K.,  109 
Root-mean-square  (rms)  value, 

305 

Rotary  switch,  320 
Rotation 

and  centre  of  gravity,  157-161 
of  the  earth,  and  time,  108 
and  parallel  forces,  152-154 
Rotor,  289 

in  induction  motor,  322-323 
Rounding  off  numbers,  21 
Rutherford,  Ernest 

and  discovery  of  nucleus,  90,  91 
first  to  transform  a  nucleus,  115 

S 

Satellites  and  earth’s  magnetic 
field,  284 
path  of,  41,  51 
Scalar  quantity,  2 
work  as  a,  57 
Scale  drawings  of  force 
components,  144-145 
Scanning,  television,  369 
Schematic  diagram  ( s ) ,  246 
for  electric  circuit,  245-247 
Science 

use  of  mathematics  in,  19 
Scientific  law,  29-30 
Scientific  notation,  19 
Scientific  theory,  299-230 
Screw,  177 

Second  (sec),  6,  7-8,  402 
Second  law  of  motion,  33,  35 
Secondary  cosmic  rays,  121-122 
Secondary  winding,  318,  319 
Self-inductance,  311 
Self-induction,  310 ,311 
Semiconductor  ( s ) ,  389 
acceptors  in,  392 
conceptual  model  of,  392 
elements,  389 
n-type,  390 
p-type,  392 
as  rectifiers,  393 
ini  thermocouple,  396-397 
Series  circuit,  254-255 
and  impedance,  313 


resistance  in,  313 
Series-wound  motor,  289 
Shell,  electron,  389-390 
Shockley,  William,  375 
Shunt -wound  motor,  289 
Signal,  346,  353-354 
input,  346-347 
output,  346-347 
See  also  Audio  signal;  Video 
signal 

Significant  digits,  20-21 
Significant  figures,  149 
Silicon  iron,  221 

Simple  machine(s),  164, 165, 166, 
173-184 

block  and  tackle,  1 83 
efficiency  of,  1 76 
inclined  plane,  173-177 
lever,  178-183 
pulley,  182-183 
wheel  and  axle,  181 
windlass,  184 
Sine  curve 

of  alternating  current,  304 
Sinusoidal  curve,  296 
Sliding  friction,  168-170, 169 
Slip  rings,  296 
Slow  neutrons,  1 26 
Slug,  43 

Soft  iron,  magnetism  of,  217 

Solar  cell,  397-398 

Solar  day,  8 

Solar  wind,  284 

Solenoid,  226 

Solid(s), 

electron  drift  in,  234,  252 
Solid-state  physics,  389 
Solution,  ionized.  See  Electrolyte 
Sound  energy,  64 
South  Magnetic  Polar  Area,  229 
South  pole  ( S-pole)  of  a  magnet, 
216 

Southern  lights,  285 
South-seeking  pole,  216 
Space 

paths  of  objects  in,  50-51 
research  and  telemetering,  370 
See  also  Outer  space 
Space  charge,  336 
Speaker,  354 

Specific  gravity,  189-191,  193 
of  ocean  water,  201 
Spectrometer,  mass,  282-283 
Speed, 2 

and  force  of  friction,  169 
of  light  in  a  vacuum  ( c),  74-76 
limit  of,  for  a  moving  mass, 

74,  75-76 

and  mechanical  advantage,  184 
of  waves,  equation  for,  357 
Spin,  electron,  228 
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Split-ring  commutator,  288-289, 
297 

Spray  gun,  action  of,  209 
Squirrel-cage  motor,  322,  323 
and  Lenz’s  law,  324 
Stability,  mechanical,  159-160 
Stable  isotope,  112 
Stage  (of  amplification),  348 
Standard  acceleration  of  gravity, 
402 

Standard  atmospheric  pressure, 
402 

Standard  of  mass,  6,  31-32 
Standard  meter,  6-7 
Standards,  for  measuring  distance 
and  time,  5-9,  7 
Star(s) 

as  source  of  energy,  102,  103 
Starting  friction,  169-170 
State(s)  of  matter, 

fourth  (plasma),  131,  286 
Static  (stationary)  charge,  81 
Stator,  289 

Step-down  transformer,  319 
Step-up  transformer,  319 
Stick-slip,  166 
Strassman,  F.,  122 
Strontium  89,  128 
Strontium  90,  128 
Sucking  coil,  226 
Summation  notation,  141 
Sun 

and  cosmic  rays,  121 
Surface 

nature  of,  and  force  of  friction, 
167-169 

Sweep,  horizontal,  of  electron 
beam,  366 

Switch,  electric  circuit,  245, 

246,  247,  320 
Synchronous  motor,  323 
Synchrotron,  388 

T 

Telegraphic  code,  359 
Telemetering,  370 
Television 

camera  for,  367-370 
conversion  of  energy  in,  346 
electron  beam  in,  282-284 
image  orthicon  in,  367 
magnetic  fields  in,  283-284 
receivers  in,  370 
tubes  in,  355 
video  signal  in,  355 
Temperature, 

and  electrical  resistance,  258 
and  thermionic  emission,  335 
transduction  of,  371 
Tension,  142,  144,  145,  150 
Tesla  (T),  281 


Tesla  coil,  320 
Thales,  81 

Theory,  scientific,  229-230 
Thermionic  diode,  338 
Thermionic  emission,  335-336 
Thermocouple,  396-397 
Thermonuclear  reaction,  130 
Third  law  of  motion,  Newton’s, 
45-47,  49-50 

Thompson,  (Sir)  J.  J.,  90,  375, 
377-379 

Thorium  232,  127 

Thorium  234,  decay  of,  112, 113 

Three-finger  rule 

and  generator  effect,  295 
and  magnetic  field,  280 
and  motor  effect,  287 
Thrust,  62-63 
Tides,  39 

Time,  units  of,  6,  7-8 
Torque,  153-154, 155 
of  coil  in  meter,  290 
Trajectory  of  a  projectile,  16-17 
Transducers,  353-355,  354 
table  of,  371 
Transduction 

of  gamma  radiation,  371 
of  magnetic  flux  density,  371 
of  optical  images,  368-369 
of  radio  waves,  357-360 
of  temperature,  371 
of  ultraviolet  light  intensity,  371 
of  video  signals,  370 
of  visible  light  intensity,  371 
Transformer(s),  318-321 

energy  conservation  in,  319-320 
ideal,  equation  for,  319 
step-down,  319 
step-up, 319 

Transistors,  374 ,  393-395 

compared  to  vacuum  tube,  395 
n-p-n-,  393,  394 
p-n-p,  393,  394 
Transmission 

of  electric  energy,  320-321 
See  also  Electric  energy; 

Light;  Sound  waves 
Transmission  lines,  302 
high  voltage,  321 
Transmitter,  radio,  361 
Transmutation  of  elements,  98-100 
energy  produced  in,  101-104 
T rieste,  bathyscaphe,  202 
Trigonometric  functions,  409' 
Trigonometry,  60,  148-151 
Triode,  344 

invented  by  De  Forest,  351 
Tritium,  93,  99,  130-131, 132 
Triton,  99 
Tube 

cathode-ray.  See  Cathode-ray 


tube 

gas-discharge,  375-379 
rectifier,  339 

vacuum.  See  Vacuum  tube 
Tungsten 

and  thermionic  emission,  335 
Turns  ratio,  319 

U 

Ultraviolet  light, 
transduction  of,  371 
Unbalanced  force(  s ) ,  27-30,  28 
and  third  law  of  motion,  45-46 
Unified  atomic  mass  unit,  93,  402 
Uniform  motion,  1-4 
Uniform  velocity,  2 
Uniformly  accelerated  motion, 
12-17 

Unit(s)  of  measurement,  19 
absolute  system  of,  42-43 
of  air  pressure,  206 
atomic  mass  ( u ) ,  93 
bar,  206 

British  engineering  system, 
42-43 

of  capacitance  (farad),  271-272 
CGS  system  of,  42,  43 
derived,  33 

of  electric  charge  ( coulomb ) , 

85,  238 

of  electric  current  (ampere), 
238,  402 

of  electric  energy  ( watt  •  hour, 
kilowatt  •  hour ) ,  269 
of  electric  power  (volt  •  ampere), 
269 

of  electrical  conductance 
( mho ) ,  259 

of  electrical  resistance  (ohm), 
258 

of  force  ( dyne ) ,  42,  43 
of  force  ( kilogram  of  force),  41 
of  force  ( newton ) ,  33,  41-43 
of  force  ( pound ) ,  42 
of  force  and  mass,  table  of,  43 
of  force,  relation  of,  41-43 
fundamental,  33,  402 
gravitational  system  of,  42-43 
of  kinetic  energy,  67 
of  length  ( meter ) ,  6,  402 
of  magnetic  flux  (weber),  281 
of  magnetic  flux  density  (tesla), 
281 

of  mass  (gram),  31-32,  42 
of  mass  ( kilogram ) ,  31 , 42,  402 
of  mass  (slug),  43 
millibar,  206 
MKSA  system,  6-8,  402 
of  moment  of  a  force,  153 
of  particle  energy  ( electron 
volt),  242-243 
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of  potential  difference  (volt), 
241 

of  potential  energy,  66-67 
of  power  ( horsepower ) ,  62 
of  power  ( watt ) ,  62 
of  pressure,  191 
of  self-inductance,  311 
of  time  (second),  6,  7-8,  402 
unified  atomic  mass,  93 
of  volume,  32 

of  weight  (kilogram),  41,  402 
of  weight  ( pound ) ,  41,  42,  402 
of  work  ( erg ) ,  57 
of  work  ( foot  •  pound )  57 
of  work  ( joule ) ,  57 
of  work  ( kilowatt  •  hour ) ,  62 
of  work  ( watt  •  sec ) ,  62 
Universal  gravitation,  Newton’s 
law  of,  37-40,  39 

Uranium,  112,  127,  221,  223,  226 
fission  of,  122-127 
isotopes  of,  113,  114,  283 
and  natural  radioactivity, 
109-110,  111 

V 

Vacuum 

and  electric  field,  240 
rate  of  fall  in,  12-14,  402 
speed  of  light  in,  402 
Vacuum  pump 
developed,  333 
in  study  of  electron,  376-377 
Vacuum  tube(  s ) ,  335 
as  amplifier,  343-348 
betatron,  387-388 
cathode-ray,  364-365 
compared  to  transistor,  395 
diode,  337,  338-343 
electric  current  in,  335-337 
heater  ( H ) ,  336 
pentode,  345 
tetrode,  330,  345 
thermionic  emission  in, 

335-336 
triode,  344 

Van  Allen,  James  A.,  284 
Van  Allen  radiation  belts,  284 
Van  de  Graaff,  R.  J.,  384 
Van  de  Graff  generator,  98,  384 
and  linear  accelerator,  385 
Variation,  angle  of,  229 
Vector  diagram,  3-4 

and  concurrent  forces,  139-142, 
143 


Vector  quantity  ( ies ) ,  2,  3 
acceleration,  10-11 
acceleration  of  gravity,  12 
addition  of,  3-4 
component,  144-147 
displacement,  2 
electric  field,  240 
force,  2 
momentum,  34 
negative,  14 
positive,  14 
resultant  of,  3-4 
and  velocity,  1-4,  2 
Vector  sum,  4 
Velocity  ( v),  1-4,  2 
and  acceleration,  9-15 
average,  2-3,  13 
of  falling  object,  380-381 
final,  calculation  of,  12-14 
and  kinetic  energy,  68-69 
of  particles,  378-381 
of  projectile,  14,  15 
uniform,  2 

vector  diagrams  for,  3-4 
Venus,  1 

Vibrating  switch,  320 
Video  signal,  355,  368-370 
Visible  light, 

transduction  of,  371 
Vitreous  charge,  82 
Voice  coil,  354 
Volt  (V),  241, 243 
Volt  ■  ampere,  269 
Volt  rating,  253 
Volta,  Alessandro,  232,  233 
Voltaic  pile,  233 
Voltage,  243 

Voltage  grid.  See  Grid  voltage 
Voltaic  cell,  232 
Voltmeter,  290,  291 
Volume,  unit  of,  32 
Von  Jacobi,  Moritz,  277 

W 

Water 

buoyancy  of,  201-202 
as  density  standard,  189-190 
heavy,  126 
mass  density  of,  191 
and  unit  of  mass,  32 
weight  density  of,  191 
Water  supply  systems,  192-194 
Watt,  James,  62 
Watt  (W),  62,  269 
Watt  •  second  ( joule ) ,  269 


Wave(s), 

carrier,  359-363 
electromagnetic,  356-358,  357 
speed  of,  357-358 
Wavelength  (\), 

and  frequency,  357-358 
Weber  (Wb),281 
Wedge,  176-177 
Weight,  40-41 
of  air,  203-206 
and  buoyant  force,  198-199 
and  centre  of  gravity,  159,  160 
chemical  atomic,  93 
equation  for,  41 
and  mass  distinguished,  41 
unit  of,  41,  402 
and  work,  56-57 
Weight  density,  191 
Wheel  and  axle,  181, 184 
Wheelbarrow,  180,  181 
Windings 

in  transformer,  318 
in  transmitter,  361 
Windlass,  184 
Wire 

in  electric  circuit,  233-234 
grounded, 235 
Wirephoto  systems,  355 
Work,  55-60 

and  conservation  of  energy, 
173-174,  241 

and  energy  measurement,  66-69 

equation  for,  56,  60 

and  electric  power,  268-269 

and  force,  55-60 

against  friction,  170-171 

law  of,  174 

and  potential  difference,  241 
and  power,  61-63 
units  of,  57-59,  62,  66-69 
Work  input,  173 
Work  output,  173 
Work-function,  335 
Wrecking  bar,  179 

X 

X-ray(s), 

and  natural  radioactivity, 
109-110 

Y 

Yard,  defined,  6,  402 
Z 

Zero  as  significant  digit,  21 
Zinc,  radioactive,  uses  of,  117 
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Introduction 

What  is  a  scientist?  From  comic  books  and  science  fiction  movies  you  might  think  he  is 
a  sort  of  magician,  one  who  performs  strange  tricks.  While  many  scientists  enjoy  putting  on 
a  show  with  some  of  their  equipment,  this  is  far  from  being  their  real  purpose. 

A  scientist  is  inquisitive.  He  wonders  what  kind  of  world  this  is,  what  kinds  of  things 
there  are  in  it,  how  they  behave,  and  whether  there  are  any  basic  rules  of  behavior.  His  real 
purpose  is  to  satisfy  his  curiosity,  to  seek  for  an  understanding  of  natural  phenomena. 
Frequently  he  seeks  also  to  apply  his  understanding  in  useful  ways. 

Everyone  can  be  a  scientist.  Of  course  not  everyone  wants  to  earn  his  living  in  this  way, 
but  every  person  can  be  curious,  can  seek  to  understand  the  world  about  him,  can  collect 
information,  and  can  try  to  interpret  what  he  learns.  The  difference  between  a  scientific 
person  and  an  unscientific  one  is  that  the  scientific  person  collects  his  information  more 
carefully  and  more  thoroughly,  and  is  more  cautious  in  drawing  conclusions. 

The  purpose  of  this  investigation  is  to  introduce  you  to  the  way  in  which  a  scientist  learns. 

Equipment 

Small  block  of  wood;  small  wheeled  cart;  metal  ball  that  can  be  suspended;  support  for 
suspension;  string;  heavy  metal  ball  weighing  more  than  the  cart. 

Procedure 

A  scientist  often  starts  with  a  question.  In  the  investigation  you  are  about  to  start,  the 
question  is:  How  do  things  move?  If  you  were  an  experienced  scientist,  such  a  question  is 
all  that  you  would  need  to  start  you  on  an  investigation.  Since  you  are  not  an  experienced 
scientist,  some  of  the  possible  steps  in  the  investigation  will  be  pointed  out  to  you. 

There  are  many  ways  to  approach  a  scientific  problem,  and  no  two  scientists  are  likely  to 
do  it  in  exactly  the  same  way.  You  might  start  your  study  of  motion  by  collecting  all  the 
facts  you  can  about  moving  objects,  and  by  trying  to  organize  the  facts  so  that  they  make 
sense.  In  a  way,  you  have  been  doing  this  all  your  life,  so  that  already  you  know  a  lot  about 
motion.  Therefore  you  are  in  a  position  to  use  what  you  already  know  to  make  a  guess 
about  the  answer  to  the  question:  How  do  things  move?  Your  guess  is  called  a  hypothesis. 
It  might  be: 

Hypothesis:  Objects  move  when  they  are  pushed  or  pulled. 

Maybe  this  hypothesis  is  true;  maybe  it  is  not  true.  You  must  now  test  the  hypothesis  in 
order  to  find  out  whether  or  not  it  is  a  good  one. 

STEP  1  Place  a  smooth  block  of  wood  on  the  laboratory  table  and  give  it  a  sharp  push 
with  your  hand,  but  do  not  keep  your  hand  on  the  block.  Does  the  block  move  only  while 
your  hand  is  touching  it,  or  does  it  continue  to  move  after  your  hand  stops  pushing?  What 
happens  to  the  speed  of  the  block  after  you  stop  pushing? 
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As  a  result  of  this  investigation,  you  would  probably  wish  to  revise  the  hypothesis, 
perhaps  like  this : 

Revised  Hypothesis:  Objects  move  when  they  are  pushed  or  pulled,  and  slow  down 
when  the  force  is  removed. 

STEP  2  Next  investigate  the  matter  of  slowing  down.  Will  an  object  always  slow  down 
in  the  same  way  when  you  give  it  the  same  push  at  the  start?  Put  the  small  wheeled  cart 
on  the  floor  and  give  it  a  push.  Measure  how  far  it  goes  before  it  stops.  Then  turn  it  upside 
down  so  that  the  wheels  are  in  the  air.  Push  again,  with  what  seems  to  be  the  same  force, 
and  again  measure  how  far  it  goes  before  it  stops.  Was  the  path  of  the  cart  straight  or 
curved? 

This  part  of  the  investigation  was  not  very  exact  because  you  cannot  be  sure  that  you 
you  used  the  same  force  each  time.  Therefore,  repeat  the  investigation  as  indicated  below. 

STEP  3  Suspend  a  metal  ball  by  a  string  from  an  overhead  support,  as  shown  in  Fig.  1-1. 
When  the  ball  is  hanging  motionless,  place  the  cart  so  that  it  just  touches  the  ball.  Then 
pull  the  ball  back  a  short  distance,  keeping  the  string  taut.  Place  some  object  behind  the 
ball  so  that  you  can  locate  the  spot  again.  Let  the  ball  go,  and  measure  the  distance  traveled 
by  the  cart.  Turn  the  cart  over  and  repeat.  Measure  for  3  trials  and  average  the  measure¬ 
ments.  In  your  Data  Book  record  the  data  for  each  case  in  a  chart  like  the  one  at  the  right. 
Be  sure  to  note  in  the  parentheses  the  unit  of  measurement  (in.,  cm,  etc).  Was  the  path  of 
the  cart  straight  or  curved? 


Fig.  1-1  Suspended  metal  ball. 


Distances  traveled  by 
cart  with  wheels  down 
Trial  1 
Trial  2 

Trial  3  _ 

Sum  _ 

Average  _ __ 


As  you  will  learn  later  in  your  physics  course,  by  letting  the  ball  swing  from  the  same 
height,  you  gave  the  same  amount  of  energy  to  the  cart  each  time.  As  a  result  of  the  push, 
the  cart  moved.  In  both  cases  the  cart  slowed  when  the  pushing  force  was  removed.  So 
far  the  hypotheses  seems  good. 

However,  the  slowing  rate  was  not  the  same  in  both  cases,  although  the  same  object,  the 
cart,  was  used  both  times,  and  it  received  the  same  energy  both  times.  The  only  difference 
was  that  in  one  case  the  cart  rolled  on  its  wheels,  and  in  the  other  case  it  slid  upside  down. 
The  difference  in  the  slowing  rate  must,  therefore,  have  something  to  do  with  the  contact 
between  the  cart  and  the  floor.  The  floor  must  provide  resistance  to  the  motion  of  the  cart, 
and  the  resistance  must  be  less  when  the  wheels  are  used. 

You  are  familiar  with  frictional  resistance  of  this  sort  from  past  experiences.  Try  to  push 
a  heavy  piece  of  furniture  across  the  room.  Where  the  furniture  touches  the  floor,  a  force 
seems  to  push  back  on  the  furniture.  If  the  legs  have  castors,  the  force  pushing  back  is  less. 
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A  sizeable  and  noticeable  force  operates  against  you  when  you  pull  a  sled  on  bare  pavement, 
pedal  a  bicycle  through  sand,  or  try  to  turn  a  key  in  a  rusty  lock. 

The  hypothesis  needs  further  revision  to  take  the  force  of  friction  into  account: 

Second  Revised  Hypothesis:  Objects  move  when  they  are  pushed  or  pulled ,  and 
slow  down  when  the  force  is  removed.  They  come  to  rest  sooner  when  there  is  friction 
than  when  there  is  no  friction. 

STEP  4  This  hypothesis  must  be  tested,  particularly  the  part  about  “no  friction.”  How 
can  you  tell  when  there  is  no  friction?  Was  there  friction  when  the  cart  rolled  on  its  wheels? 
The  best  way  to  check  this  is  to  see  whether  you  can  find  another  object  having  the  same 
weight  as  the  cart,  that  will  travel  farther  when  it  receives  the  same  amount  of  energy. 
Try  a  heavy,  steel  ball.  Therefore,  repeat  Step  3,  this  time  using  the  heavy,  steel  ball  as  one 
object,  and  the  wheeled  cart  as  the  other  object.  Before  you  start,  weigh  the  steel  ball,  and 
add  weights  to  the  cart  until  it  weighs  the  same  as  the  ball.  Record  your  measurement  in 
your  Data  Book  by  a  chart  similar  to  the  one  for  Step  3.  Do  the  cart  and  ball  travel  in 
straight  or  in  curved  paths? 

Discussion 

Refer  to  your  data  when  answering  these  questions. 

1.  Was  there  a  frictional  force  when  the  cart  was  running  on  its  wheels?  How  do  you  know? 

2.  Is  it  possible  that  frictional  force  acted  on  the  rolling  ball?  Give  reasons  for  your 
answer. 

3.  As  the  force  of  friction  became  smaller,  what  happened  to  the  distance  traveled  by  the 
moving  objects?  If  the  force  of  friction  could  be  reduced  to  zero,  and  if  no  other  outside 
force  were  acting  on  a  moving  object,  what  would  happen?  Questions  like  this  last  one 
are  sometimes  called  “thought  experiments.”  You  cannot  actually  set  up  a  situation  in 
which  the  friction  is  zero,  but  you  have  investigated  situations  with  decreasing  amounts 
of  friction.  Therefore,  in  the  thought  experiment  you  go  beyond  these  real  situations  and 
say  what  you  think  would  be  most  likely  if  there  were  no  friction  at  all. 

4.  Write  a  revised  hypothesis  reflecting  your  findings  in  this  investigation.  Include  your 
observations  about  the  shape  of  the  path. 

5.  Instead  of  setting  up  a  new  investigation  to  test  your  new  hypothesis,  use  the  following 
common  experiences  to  test  it:  a)  You  are  in  a  moving  car  and  the  brakes  are  suddenly 
applied.  In  what  direction  are  you  jerked?  Tell  how  this  observation  supports  or  dis¬ 
agrees  with  your  hypothesis,  b)  You  are  in  a  car  that  speeds  up  suddenly.  In  what  direc¬ 
tion  are  you  jerked?  Tell  how  this  supports  or  disagrees  with  your  hypothesis. 

6.  Another  way  to  test  a  hypothesis  is  to  predict  what  ought  to  happen  if  the  hypothesis  is 
true,  and  then  see  whether  the  prediction  turns  out  to  be  correct.  Suppose  you  have  a  ball 
attached  to  a  string,  and  that  you  hold  the  string  at  one  end  and  make  the  ball  move  in  a 
circle  on  a  table  top,  as  shown  in  Fig.  1-2.  When  the  ball  is  in  the  position  shown  in  the 
diagram,  you  let  go  of  the  string.  If  your  hypothesis  is  a  good  one,  in  what  direction 
should  the  ball  now  move?  Show  your  answer  by  copying  Fig.  1-2  and  indicating  the 
predicted  direction  with  an  arrow.  Check  the  prediction  by  performing  the  experiment. 
Does  the  result  agree  with  the  prediction? 
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7.  Discuss  the  methods  used  in  this  investigation, 
answering  such  questions  as:  a)  Why  is  it  useful  to 
have  a  hypothesis?  b)  Why  was  the  method  of 
Step  3  better  than  that  of  Step  2?  c)  Why  is  it 
better  to  make  3  trials  and  take  an  average,  rather 
than  to  make  only  1  trial  each  time?  d)  How  did 
the  various  parts  of  the  investigation  make  it 
possible  for  you  to  discuss  the  “thought  experi¬ 
ment”?  e)  How  is  a  hypothesis  tested? 


Fig.  1-2  Looking  down  on  a 
revolving  metal  ball. 
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Introduction 

Investigation  1  required  you  to  make  measurements.  However,  the  difference  in  distance 
traveled  by  the  various  objects  was  so  great  that  very  careful  measurement  was  not  required. 
Often  you  will  need  to  make  measurements  more  carefully  than  in  the  first  investigation. 
The  purposes  of  Investigation  2  are:  a)  to  teach  you  some  of  the  ways  in  which  measure¬ 
ments  can  be  made  as  accurately  as  possible,  and  b)  to  help  you  to  learn  about  the  metric 
units  of  length  and  why  this  system  is  preferred  by  scientists. 

In  this  investigation  you  will  use  a  meter  stick  to  measure  the  length  and  width  of  your 
laboratory  table,  first  in  centimeters  (cm)  and  then  in  inches  (in.).  You  will  learn  rules  for 
making  the  measurement  as  accurately  as  possible.  Using  your  measurements,  you  will 
calculate  the  area  of  the  table  to  the  proper  number  of  significant  digits. 

Equipment 

Meter  stick  (centimeters  on  one  side  and  inches  on  the  other);  flat  block  of  wood  (see 
Fig.  2-1);  laboratory  table. 
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A.  RULES  FOR  MAKING  ACCURATE  MEASUREMENTS  WITH  A  MEASURING  STICK 

This  part  of  the  investigation  can  be  done  at  home,  using  a  yard  stick  or  foot  rule. 

Procedure 


RULE  1  Try  to  begin  exactly  at  one  end  of  the  distance  being  measured.  This  is  not  always 
as  easy  as  it  appears.  When  measuring  the  length  of  a  table,  for  example,  it  is  sometimes 
difficult  to  begin  the  measurement  exactly  at  the  edge.  This  is  especially  true  when  the  table 
edge  is  rounded.  Figure  2-1  illustrates  a  simple  technique  for  meeting  this  difficulty. 


Without  using  an  end  block,  try  to  meas¬ 
ure  the  length  or  width  of  a  desk  top,  a 
chair,  or  other  object  with  an  irregular  edge. 
Then,  using  an  end  block,  note  how  much 
easier  measurement  is  with  the  technique 
illustrated  in  Fig.  2-1.  Record  the  measure¬ 
ment  in  your  Data  Book. 

Fig.  2-1  Using  an  end  block  for  accuracy. 


RULE  2  Avoid  parallax.  Figure  2-2  illustrates  the  possibility  of  misreading  a  measuring 
stick  if  your  eye  is  in  the  wrong  position.  Here  a  meter  stick  is  being  observed  by  three 
different  people,  with  their  eyes  at  A,  B,  and  C,  respectively.  There  are  two  ways  to  avoid 
this  error,  called  parallax.  One  is  to  make  all  readings  from  the  proper  angle,  usually 
90  degrees.  The  other  is  to  place  the  mark  on  the  measuring  stick  as  close  as  possible  to  the 
object  being  measured,  as  illustrated  in  Fig.  2-3. 


Fig.  2-2  The  eye  directly  above  the 
measuring  stick  at  B  sees  the  correct  read¬ 
ing,  25  cm.  The  eye  at  A  sees  24.6  cm, 
while  the  eye  at  C  sees  25.4  cm. 


Fig.  2-3  Divisions  on  the  measuring  stick 
are  placed  next  to  the  object  that  is  being 
measured. 

measuring  stick 
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RULE  3  Record  all  of  the  digits  of  which  you  are  certain,  plus  one  that  you  estimate. 
If  the  edge  of  a  length  you  are  measuring  falls,  as  shown  in  Fig.  2-4a,  you  would  record  the 
length  as  1 1.7  cm  or  1 1.6  cm,  knowing  that  you  are  guessing  the  last  digit.  The  digit  that 
you  guess  is  called  a  doubtful  digit. 


edge 


8 

1 

9  10 

i  i 

11 

1 

i 

1  12 

1  1 

13 

1 

14 

1 

15 

1 

edge 

| 

1 

1 

1 

edge 

1 

10 

1 

11  |  12 

i_ 1_ i 

13 

i 

14 

i 

15 

i 

1  16 

1  i 

17 

I 

Fig.  2-4  Estimate  the  last  digit  in  a  measurement. 


Record  in  your  Data  Book  the  lengths  shown  in  Fig.  2-4b.  Circle  the  doubtful  digit  in 
your  answer. 

RULE  4  Apply  a  zero  correction  when  necessary.  If  the  end  of  a  ruler  is  worn  or  broken, 
the  zero  point  may  be  missing.  When  there  is  any  doubt  about  the  correctness  of  the  zero 
point,  you  should  set  some  mark  other  than  zero  at  one  end  of  the  object  to  be  measured. 
In  Fig.  2-5  the  10-cm  mark  is  set  at  the  edge  of  the  table.  Since  the  other  edge  is  at  the 
70-cm  mark,  you  know  that  the  distance  measured  is  70  cm  minus  10  cm,  or  60  cm. 

Measure  the  same  distance  you  measured  in  Rule  1,  but  without  using  the  end  of  the 
ruler.  Record  your  result. 

Note  that  you  cannot  use  the  end  block  as  in  Fig.  2-1  if  you  find  it  necessary  to  use  a 
zero  correction.  See  Discussion  Question  2. 


10  cm 

i 


meter  stick 

1 


70  cm 


J _ i  ,1 . i 


V 


table 


Fig.  2-5  The  use  of  the  zero-correcting  technique 
avoids  end  error  of  the  measuring  stick. 


RULE  5  Make  measurements  in  the  proper  direction.  To  measure  height,  you  should 
measure  in  a  vertical  direction.  To  measure  the  distance  between  lines  or  planes,  you 
should  place  the  measuring  stick  perpendicular  to  them. 
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RULE  6  Use  care  in  measuring  distances  greater  than  the  length  of  the  measuring  stick. 
You  often  need  to  measure  distances  greater  than  the  length  of  the  measuring  stick.  In  such 
a  case  people  often  lay  the  stick  along  the  distance  to  be  measured,  mark  the  position  of 
one  end,  and  then  move  the  measuring  stick  so  that  the  zero  end  corresponds  with  the 
mark.  The  width  of  the  mark  may  introduce  error.  This  may  be  avoided  by  using  the  edge 
of  a  block  for  the  mark,  as  suggested  in  Fig.  2-6.  Figure  2-6  also  shows  how  to  avoid  using 
the  worn  ends  of  the  measuring  stick. 


Fig.  2-6  A  marker  block  can  be  used  when 
the  distance  is  longer  than  the  measuring 
stick.  The  marker  block  might  be  placed  with 
its  left  end  at  the  80-cm  mark,  for  example. 
Then  the  measuring  stick  might  be  moved  until 
its  20-cm  mark  is  at  the  left  end  of  the 
marker  block. 


RULE  7  Average  several  measurements  for  greater  accuracy.  If  you  measure  the  width 
of  a  table,  there  are  two  important  possible  sources  of  error.  You  may  make  a  mistake  in 
the  measurement,  and  the  table  may  not  be  the  same  width  at  all  places.  You  can  improve 
your  results  by  measuring  the  width  at  several  places.  If  you  have  made  a  mistake,  it  will 
show  up  by  comparison  with  the  other  measurements.  For  example,  suppose  that  you 
have  made  the  following  record: 


Observation 

Width  of  table 
(cm) 

1 

44.73 

2 

44.91 

3 

45.10 

4 

45.96 

5 

45.08 

One  of  these  observations  is  probably  due  to  a  mistake  made  by  the  observer.  The 
differences  in  the  other  measurements  are  probably  due  to  irregularity  in  the  table  and  to 
unavoidable  errors  of  observation.  When  these  results  are  averaged,  such  errors  and 
irregularities  tend  to  cancel  out.  Therefore  the  average  is  more  representative  of  the  true 
width  of  the  table  than  is  an  individual  measurement.  Ignore  the  observation  that  is  a 
mistake,  and  find  the  average  of  the  others. 

Discussion 

1.  When  you  use  an  end  block,  what  should  be  the  angle  between  its  surface  and  the 
measuring  stick?  How  can  you  be  sure  that  it  makes  the  proper  angle? 
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2.  If  a  measuring  stick  is  longer  than  the  object  being  measured,  how  could  you  place  the 
end  block  where  the  stick  extends  beyond  the  end  of  the  object?  Show  with  a  sketch 
or  describe  in  words. 

3.  Compare  the  measurement  you  made  in  Rule  1  with  that  of  Rule  4.  If  there  was  a  differ¬ 
ence,  in  which  measurement  would  you  have  greater  confidence?  Why? 

4.  Describe  measuring  situations  in  which  it  would  be  impossible  to  avoid  using  the  end 
of  the  measuring  stick. 

5.  When  you  wish  to  measure  the  height  of  a  table  top  above  the  floor,  how  can  you  be 
sure  the  measurement  is  vertical? 

B.  USE  THE  RULES  OF  MEASUREMENT 
TO  DETERMINE  THE  DIMENSIONS  OF  A  TABLE 

Procedure 

Before  you  start  your  investigation,  read  Appendix  1,  Scientific  Notation;  Appendix  2, 
Significant  Digits;  and  Appendix  5,  The  Metric  System.  Do  the  practice  problems  of 
Appendix  1  and  2  and  have  your  answers  checked. 

STEP  1  Measure  the  length  and  width  of  your  table  in  centimeters  to  the  nearest  0.01  cm 
and  in  inches  to  the  nearest  1/16  in.  Make  each  measurement  at  least  five  times.  Record  all 
of  your  measurements  in  a  neat  chart  in  your  Data  Book.  Cross  out  any  that  are  obvious 
mistakes.  Determine  the  average  value  of  each  measurement. 

STEP  2  Convert  the  average  width  obtained  in  Step  1  to  a)  millimeters  (mm);  b)  meters 
(m);  c)  sixteenths  of  an  inch. 

STEP  3  Calculate  the  area  of  the  table  in  cm2  and  in  in.2,  taking  into  account  the  correct 
number  of  significant  digits.  Record  the  result  in  scientific  notation. 

STEP  4  Convert  the  table  area  from  cm2  to  m2  and  to  mm2;  and  from  in.2  to  ft2. 

Discussion 

1.  What  are  some  of  the  advantages  of  the  metric  system  of  measurement? 

2.  Some  people  say  that  the  metric  system  of  measurement  is  preferred  by  scientists  because 
it  is  more  accurate.  Do  you  agree?  Why? 
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Introduction 

In  a  physics  course  you  should  learn  physics,  not  arithmetic.  However,  it  often  seems  to 
many  students  that  they  spend  three  hours  multiplying  and  dividing  for  every  hour  they 
spend  learning  something  new.  The  three  hours  can  be  cut  to  a  fraction  of  an  hour  if  you 
learn  to  use  the  slide  rule. 
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The  slide  rule  is  a  calculating  machine  that  multiplies,  divides,  squares,  and  takes  square 
roots.  The  slide  rule  will  not  add  or  subtract  numbers.  Some  slide  rules  will  perform  other 
operations  (finding,  for  example,  the  value  of  17 1  2),  but  you  will  be  concerned  with  the 
simpler  operations. 

Equipment 

Slide  rule  with  A,  B,  C,  and  D  scales. 

Procedure 

STEP  1  To  locate  a  number  on  the  slide  rule:  Examine  the  scale  marked  D  on  your  slide 
rule.  You  will  see  that  it  is  numbered  from  left  to  right  in  large  numbers:  1,  2,  3,  4,  5,  6, 
7,  8,  9,  1.  Suppose  that  you  want  to  locate  the  number  4.3.  It  will  lie  between  4  and  5, 
as  shown  in  Fig.  3-la.  Since  the  slide  rule  has  no  decimal  point,  the  same  setting  stands  for 
4.3,  43,  430,  4,300,000  and  0.0043.  Whenever  you  locate  a  number,  place  the  indicator  hair 
line  directly  over  it. 

If  you  wish  to  locate  4.32  (or  4320  or  0.432),  move  the  hair  line  to  the  right  by  the  proper 
amount.  This  involves  estimating  the  proper  position,  as  shown  in  Fig.  3-lb. 


Fig.  3-1  The  location  of  numbers  on  the  slide  rule.  The 
location  of  4.3  is  shown  in  a;  that  of  4.32,  in  b. 


Locate  each  of  the  following  points  and  then  check  your  setting  with  that  shown  below 
in  Fig.  3-2:  84.7;  6980;  504;  32.2;  0.0275;  2.03;  116;  0.0975;  107.2;  10.8. 


^5 

1  |i|i|n 

i  milmil 

7  8 

1  n|iiii  ini 

7  8 

DE  IN  U.S  J 

IHH'lii 

3  ) 

iiilim 

9 

llll|ll!l|llll 

9 

^  9 

l|l!llf  1  |  1 
2 

. In 

6 

1  |llll|llll 
6 

A 

l|!|l|l  1 

ill  1  M  1 1 II  1' 

8 

lllllllljl  1 

. Ill 

Fig.  3-2 


L  10 


INVESTIGATION  3 


6 

1  |ll!l|lll 
6 

. ()J 

1  lll|ll!l|l!ll| 
2 

7 

llllljllll  1 

lilililililili 

l|l|l|l 

- ^  > 

pTuTfELf 

ESSER  c3 

rDE  IN  U  si* 

Jihiii|ii 

inniTmi 

4 

*  h 

H+HfiL  iT 

3 1 A 

1, . flu 

. 

imlmV  ° 

1 

e 

9  '  i  IrC 

|llll|ll 

1 

. . . . . 

i  m 
8 

l|llll|llll|lll| 

9  j  1 

'C 

1  1  !i 

■1  I'l 

9< 

cl*. 

p  nii 

EL  &  ESS  1 

F  U 

1  u 

,?, . 

2 

D  j1'1 

i  1  l1 

i— 

Fig.  3-2  (cont.)  Location  of  numbers  listed  in  Step  1. 


STEP  2  To  multiply  (C  and  D  scales):  Suppose  you  wish  to  multiply  17.9  X  3.49. 
Use  the  following  method: 

a)  Locate  the  first  number  (17.9)  on  the  D  scale,  using  the  hair  line. 

b)  Without  moving  the  hair  line,  move  the  C  scale  until  the  1  of  that  scale  is  directly 
below  the  hair  line. 

c)  Without  moving  the  C  scale,  move  the  hair  line  until  it  is  directly  over  the  second 
number  (3.49)  on  the  C  scale. 

d)  Read  the  answer  below  the  hair  line  on  the  D  scale.  If  you  have  done  this  correctly, 
your  answer  is  625.  However,  you  do  not  know  where  the  decimal  point  belongs. 

e)  Locate  the  decimal  point  by  simplifying  the  problem.  Call  it  20  X  3.  The  answer  is 
60.  Therefore,  the  answer  obtained  by  slide  rule  must  be  62.5. 

If  you  had  multiplied  17.9  X  3.49  by  hand,  your  answer  would  be  62.471.  The  slide 
rule  gives  you  the  answer  rounded  off  to  3  digits.  If  the  number  starts  with  1  (16.31,  for 
example),  you  can  locate  4  digits  on  the  slide  rule. 

Multiply  the  digits  below  and  check  your  answers.  You  will  find  that  in  some  cases  your 
second  number  on  the  C  scale  is  out  in  space.  When  this  happens,  just  use  the  1  at  the  other 
end  of  the  C  scale  as  in  b)  above.  In  the  C  group  of  problems  do  not  record  the  result  you 
obtain  when  you  multiply  the  first  two  numbers  together  (15  X  42,  for  example).  Instead, 
set  the  1  of  the  C  scale  beside  that  result,  and  then  proceed  to  multiply  by  the  third  number. 

A.  12  X  36  B.  98  X  21.2  C.  15  X  42  X  6.3 

42  X  2.3  0.063  X  462  8.2  X  5.2  X  12 

1.79  X  36  47.3  X  36  41  X  0.03  X  0.4 

49.5  X  0.0194  0.00076  X  0.034 

STEP  3  To  divide  (C  and  D  scales):  In  physics  problems,  division  is  usually  indicated  by 

5.73 

the  line  of  a  fraction: - 

147.2 

a)  With  the  hair  line,  locate  the  numerator  (5.73)  on  the  D  scale. 

b)  Without  moving  the  hair  line,  move  the  C  scale  until  the  denominator  (147.2)  is 
directly  below  the  hairline. 

c)  Without  moving  the  C  scale,  move  the  hair  line  to  the  1  of  the  C  scale. 

d)  Read  the  answer  on  the  D  scale  below  the  hair  line.  It  is  389,  with  no  regard  for  the 
decimal  point. 
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e)  Again  simplify  the  problem  to  locate  the  decimal  point: 
answer  is  0.0389. 

Perform  the  following  divisions  and  check  the  answers: 


5 

100 


0.05.  Therefore  the 


34  34  0645 
62  19  6.21 

STEP  4  Combinations  of  multiplication  and  division  (C  and  D  scales):  A  problem  like 
2.7  X  0.0043 

~  39  i - can  be  done  by  multiplying  2.7  by  0.0043  and  then  dividing  the  answer  by 

39.1.  Another  way  is  to  divide  2.7  by  39.1  and  then  multiply  by  0.0043.  You  will  get  the 
same  answer  either  way  (0.000297),  but  it  takes  fewer  steps  to  divide  first  and  then  multiply. 
It  is  not  necessary  to  write  down  the  answer  to  the  first  operation.  Simply  capture  the  answer 
with  the  hair  line  and  proceed  with  the  next  step.  Try  the  following  combinations  of  division 
and  multiplication. 

32  X  0.29  5.02  X  1.735  0.0322  X  1.07 

2.08  0.858  7.08 


STEP  5  To  locate  the  decimal  point  by  use  of  scientific  notation:  Read  Appendix  1, 
Scientific  Notation,  if  you  do  not  know  what  this  means.  In  a  problem  like  those  of  the 
preceding  paragraph,  it  is  often  easier  to  locate  the  decimal  point  by  expressing  all  of  the 
quantities  in  scientific  notation: 


2.7  X  0.0043  __  2.7  X  4.3  X  10~3 
39.1  ~  3.91  X  101 


In  simplified  form,  this  becomes: 

3  X  4  X  10-3 

4  X  101 


3  X  10-4 


or  0.0003 


Thus  when  the  slide  rule  gives  you  297,  you  know  it  should  be  2.97  X  10  4  or  0.000297. 

STEP  6  How  the  slide  rule  is  constructed:  The  distances  marked  on  the  C  and  D  scales 
of  your  slide  rule  are  proportional  to  the  logarithms  of  the  numbers  printed  on  the  scale. 
To  check  this  statement,  compare  the  D  and  L  scales.  The  L  scale  is  an  ordinary  scale 
marked  in  inches  and  decimal  parts  of  an  inch.  Therefore  if  you  locate  a  number  on  the 
D  scale  with  the  hair  line,  you  will  find  its  logarithm  to  the  base  10  on  the  L  scale  below  the 
hair  line.  When  you  multiply  with  the  slide  rule,  you  add  logarithms;  and  when  you  divide, 
you  subtract  logarithms,  just  as  you  do  when  you  use  logarithmic  tables  for  these  operations. 

STEP  7  To  square  a  number:  Locate  the  number  on  the  D  scale.  The  square  will  be  under 
the  hair  line  on  the  A  scale.  Try  these: 

222  (0.395)2  8.182 


STEP  8  To  find  square  root:  Locate  the  number  on  the  A  scale.  The  square  root  will  be 
on  the  D  scale.  Suppose  you  wish  to  find  the  square  root  of  572.  At  this  point  you  are  in 
trouble  because  you  can  locate  572  in  two  places  on  the  A  scale,  and  each  case  gives  you  a 
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different  result  on  the  D  scale:  239  and  756  (decimal  point  not  yet  located).  Which  is  correct? 

To  answer  this,  group  the  digits  in  572  as  you  would  if  you  were  to  use  arithmetic  to  find 
the  square  root: 


V 5  72. 

The  square  root  of  5  is  between  2  and  3.  Immediately  you  know  that  the  square  root  of  572 
starts  with  2,  and  that  it  has  two  digits  before  the  decimal  point.  The  answer  is  23.9. 

Find  the  following: 

V45  3\/28 

n/450 

V46 

STEP  9  Trigonometric  functions:  Since  slide  rules  made  by  different  companies  handle 
the  trigonometric  functions  differently,  the  best  way  to  learn  how  to  compute  with  these 
functions  is  to  read  the  instruction  book  that  comes  with  the  slide  rule. 

Do  not  try  to  learn  all  about  the  slide  rule  at  first.  Master  the  fundamental  procedures, 
then  try  the  more  advanced  ones  described  below. 

STEP  1  0  Everything  in  the  Cl  scale  is  the  reciprocal  of  the  number  below  it  on  the 
C  scale.  Find  5  on  the  Cl  scale.  Its  reciprocal  is  1/5  or  0.2,  which  you  will  find  on  the 
C  scale.  Similarly,  if  you  find  5  on  the  C  scale,  you  will  see  the  reciprocal,  0.2,  on  the  Cl 
scale.  When  you  use  the  Cl  scale,  be  sure  to  notice  that  the  low  numbers  are  at  the  right, 
the  high  ones  at  the  left.  You  can  use  the  Cl  scale  for  multiplication  and  division.  For 
example: 

27  X  4.23  X  514 

Solve  this  problem  using  C  and  D  scales.  Every  time  you  move  the  hair  line  or  the 
C  scale,  count  one  move.  It  will  take  5  moves. 

Now  do  it  this  way: 

(27  +  jij)  X  514 

If  you  do  the  problem  correctly,  using  the  Cl  scale,  you  will  get  the  same  answer  as  before, 
but  it  will  take  3  moves  instead  of  5: 

a)  With  the  hair  line,  locate  27  on  the  D  scale. 

b)  Move  the  sliding  scale  until  4.23  of  the  Cl  scale  is  under  the  hair  line.  The  reciprocal 
of  4.23  (1/4.23  =  0.236)  will  be  below  the  hair  line  on  the  C  scale. 

c)  Move  the  hair  line  to  514  on  the  C  scale  and  read  the  answer  (5.87  X  104)  on  the 
D  scale. 

Make  up  additional  problems  to  practice  the  use  of  the  Cl  scale. 

STEP  1 1  Invent  a  way  to  use  the  Cl  scale  with  division.  Try  problems  like  this: 

17 

0.056  X  4.27  X  1.039 

STEP  1  2  Invent  a  way  to  use  the  C  and  D  scales  alone  to  find  square  root. 
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STEP  1  3  When  you  have  a  problem  involving  a  variety  of  procedures,  it  is  a  good  idea  to 
decide  first  what  order  of  operations  will  be  most  economical.  For  example: 

32V7.4  X  3.18 
1.4  X  (2.7 )2 

One  way  to  compute  is  this: 

a)  Find  7.4  X  3.18  =  23.5 

b)  Find  \/233  =  4.85 

c)  Find  (2-7)2  =  7.29  32  x  4_g5 

d)  Rewrite  the  problem  as  -  and  solve. 

F  1.4  X  7.29 

A  faster  way  is  this:  Use  A  and  B  scales  to  multiply  7.4  X  3.18.  You  know  that  7X3  = 
21,  and  that  the  square  root  will  therefore  be  4+.  Consequently,  you  use  the  end  of  the  A 
and  B  scales  that  will  give  you  an  answer  that  is  directly  above  the  4  to  5  section  of  the  D 
scale.  You  now  have  \/7.4  X  3.18  on  the  D  scale  and  can  proceed  with  the  rest  of  the 
problem.  It  is  not  necessary  to  determine  (2.7)2.  Just  divide  by  2.7  twice. 

Try  this  problem  in  several  ways.  You  should  get  the  same  answer  each  time:  15.21. 
(Of  course,  only  2  digits  are  significant  in  this  answer,  but  test  your  slide-rule  skill  by  trying 
to  obtain  all  four.) 
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Accelerated  Motion 


Introduction 

You  probably  know  that  if  you  drop  a  ball  from  an  upstairs  window,  it  picks  up  speed 
as  it  falls.  If  you  let  a  cart  roll  downhill,  it  goes  faster  and  faster.  These  are  examples  of 
accelerated  motion,  motion  with  a  change  in  velocity.  In  this  investigation  you  will  study 
the  accelerated  motion  of  an  object  that  is  falling  through  the  air  or  rolling  down  a  slope. 

Equipment 

Any  device  that  shows  successive  positions  of  a  falling  or  rolling  body  at  equal  time 
intervals.  Since  different  schools  will  have  different  equipment,  your  teacher  will  show  you 
what  you  are  to  use  and  how  to  use  it. 

Procedure 

In  order  to  study  accelerated  motion,  you  must  have  some  way  of  measuring  the  speed  of 
an  object  at  various  times.  A  freely  falling  object  goes  so  fast  that  it  is  difficult  to  make 
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careful  observations.  Galileo,  who  was  the  first  to  make  a  scientific  investigation  of  acceler¬ 
ated  motion,  used  a  ball  rolling  down  a  slope  because  it  accelerates  less  rapidly  than  when 
it  falls.  Even  in  this  case,  the  measurement  of  speed  is  complicated. 

If  you  are  in  a  car  that  is  speeding  up,  you  notice  that  the  speedometer  reading  keeps 
changing.  For  example,  it  might  go  from  10  miles  per  hour,  to  20,  to  30,  and  so  on.  At  any 
moment,  you  can  read  the  speed  from  the  speedometer.  Unfortunately  you  cannot  attach  a 
speedometer  to  a  falling  ball  or  to  one  rolling  down  a  slope,  so  you  have  to  figure  the  speed 
indirectly. 

Before  you  start  your  investigation,  read  through  and  answer  the  questions  at  the  end  of 
this  paragraph.  They  will  help  you  to  understand  how  the  speed  of  an  accelerated  body  can 
be  estimated.  Suppose  a  ball  is  rolling  down  an  incline.  You  note  where  it  is  at  one  instant, 
and  where  it  is  exactly  2  sec  later.  By  measurement  you  find  that  it  has  rolled  60  cm  during 
the  2  sec.  Call  the  time  when  you  first  noted  its  position  Time  0,  and  the  time  2  sec  later 
Time  2. 

a)  What  was  the  average  speed  of  the  ball  during  the  2  sec? 

b)  Was  it  going  at  that  speed,  or  slower,  or  faster  at  Time  0? 

c)  Was  it  going  at  that  speed,  or  slower,  or  faster  at  Time  2? 

d)  When  might  it  actually  have  been  traveling  at  that  speed? 

Before  you  continue  with  the  investigation,  have  your  answers  to  these  questions  checked 
by  your  teacher.  Be  sure  that  you  understand  them. 

STEP  1  Examine  the  equipment  you 
are  to  use.  In  what  direction  is  the  object 
accelerated?  How  are  you  going  to 
measure  distances  in  the  direction  of 
acceleration?  How  are  equal  time  inter¬ 
vals  determined?  The  answer  to  this  last 
question  depends  on  the  apparatus.  Does 
your  apparatus  do  it  in  any  of  these  ways? 
a)  A  spark  jumps  from  a  falling  object  to 
an  upright  post,  burning  holes  through 
the  paper  at  equal  time  intervals,  b)  An 
electric  bell  clapper  makes  marks  at  equal 
time  intervals  on  a  moving  strip  of  paper 
that  is  pulled  by  a  falling  weight,  c)  A 
steel  ball  is  propelled  horizontally  onto  a 
sloping  surface  and  leaves  a  record  on 

Fig.  4-1  The  two  balls  in  this  photograph 
started  to  drop  at  the  same  instant.  The  ball 
at  the  right  was  also  given  a  horizontal  push. 
A  flashing  light  exposed  the  film  at  equal 
time  intervals.  Note  that  the  ball  at  the 
right  moved  equal  distances  horizontally  in 
equal  time  intervals. 
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Time 

Position  (cm) 

0 

10.00 

1 

12.38 

2 

15.89 

paper  taped  to  the  surface  when  carbon  paper  has  been  placed  over  the  paper.  In  this  case, 
the  ball  moves  equal  distances  horizontally  in  equal  time  intervals.  Figure  4-1  is  a  photo¬ 
graph  that  shows  this  to  be  true,  d)  A  ball  bounces  back  and  forth  across  a  groove  in  a  board 
as  it  rolls  down  the  slope.  Each  back-and-forth  motion  takes  the  same  amount  of  time. 
Observe  the  operation  of  the  equipment  until  you  understand  how  it  makes  the  record. 

STEP  2  Use  the  equipment  to  make  a  record.  Decide  what  time  interval  you  wish  to  use 
(for  example,  2  spark  intervals;  4  bell  claps;  2  horizontal  inches;  one  complete  back-and- 
forth  motion  of  the  ball  in  a  groove).  Select  an  interval  that  gives  you  at  least  8  positions 
of  the  accelerating  object.  Select  a  starting  position  (which  may  be  either  when  the  object 
was  at  rest  or  after  it  started  to  move),  and  call  it  Time  0.  Number  the  other  positions 
1,  2,  3,  etc.  Using  the  rules  for  measurement,  which  you  learned  in  Investigation  2,  measure 
the  position  of  the  ball  at  each  of  these  times  and  record  your  measurements  in  your  Data 
Book  in  a  chart  like  the  one  shown  here.  Extra  columns  should  be  included  for  later  use 
in  case  you  need  them. 

Notice  that  the  first  position  is  given  as  10.00  cm.  For  an  explanation,  see  Rule  4  in 
Investigation  2.  Notice  also  that  the  position  is  always  measured  from  the  starting  position, 
not  from  position  to  position.  Thus,  in  the  data  chart  shown  here,  the  object  moved  2.38  cm 
between  Time  0  and  Time  1,  and  3.15  cm  between  Time  1  and  Time  2  (15.89  cm  —  12.38 
cm).  The  Position  column  is  marked  cm  to  show  that  all  of  the  positions  are  measured  in 
that  unit.  The  Time  column  is  not  labeled  with  a  unit  because  the  size  of  the  unit  is  not 
important  in  this  investigation,  and  it  may  even  be  unknown  (if  you  do  not  know  the 
frequency  of  the  spark  or  how  fast  the  bell  vibrates,  for  example).  Howtver,  you  should 
record  in  your  Data  Book  what  you  do  know  about  the  time  unit,  with  a  statement  like  this: 
Time  unit  is  1/10  sec  (or  4  claps  of  the  bell,  or  2  sparks,  or  time  for  the  ball  to  roll  2  inches 
horizontally,  etc.). 

STEP  3  Find  the  average  speed  of  the  object  during  each  time  interval,  in  cm  per  time  unit. 
In  order  to  tell  more  clearly  just  how  the  speed  is  changing,  graph  the  speed  against  the 
time.  When  you  do  this,  be  sure  to  put  the  average  speed  on  the  graph  at  the  time  when  it 
is  most  likely  that  the  moving  object  actually  had  this  speed.  If  necessary,  reread  Before  you 
start  your  investigation.  See  Appendix  3,  Rules  for  Graphing  Experimental  Data. 

Discussion 

1.  Do  you  have  evidence  that  the  object  was  accelerated?  What  is  the  evidence?  If  the 
speed  increases  at  an  even  rate,  the  object  is  said  to  be  uniformly  accelerated.  Was  your 
object  uniformly  accelerated  or  not?  Give  reasons  for  your  answer. 

2.  Does  your  graph  give  evidence  that  there  was  experimental  error  in  the  experiment? 
Explain.  If  the  answer  is  “yes,”  suggest  possible  causes  of  experimental  error. 
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3.  Could  your  graph  be  used  to  find  the  speed  at  Time  0?  How?  Could  it  be  used  to  find 
how  long  before  Time  0  the  object  started  to  move?  How? 

4.  The  acceleration  of  a  moving  object  is  given  by  the  equation: 


acceleration  = 


change  in  velocity 

time  during  which  the  velocity  changed 


Use  your  graph  to  find  the  acceleration.  In  what  units  should  your  result  be  expressed? 
Why  is  it  better  to  determine  the  acceleration  from  the  graph  than  from  your  data  sheet? 
How  can  you  use  the  graph  to  make  the  calculation  as  accurate  as  possible? 

5.  Why  was  it  better  to  measure  the  distances  to  each  position  from  the  starting  point 
instead  of  from  each  position  to  the  next? 

6.  What  unproved  assumptions  did  you  make,  if  any,  during  the  course  of  this  investigation? 


The  Period  of  a  Pendulum 


I  NVESTIGATI  ON 

5 


Introduction 

In  its  simplest  form,  a  pendulum  is  a  weight  (pendulum  bob)  hung  on  a  long  string. 
Nearly  400  years  ago,  Galileo  discovered  that  a  pendulum  keeps  good  time.  He  used  a 
pendulum  to  measure  time  in  some  of  his  experiments.  Since  a  pendulum  swings  in  a 
shorter  and  shorter  arc  and  comes  to  rest  unless  it  gets  a  new  push  from  time  to  time,  the 
building  of  a  pendulum  clock  was  a  difficult  problem.  When  he  was  an  old  man,  Galileo 
did  design  a  pendulum  clock,  but  he  never  built  it,  so  the  honor  of  inventing  a  working  clock 
of  this  sort  goes  to  another  man,  Christian  Huygens,  who  lived  in  the  17th  century. 

The  length  of  time  for  a  pendulum  to  make  one  complete  swing  (for  example,  from  one 
end  of  the  swing  to  the  other  and  back  to  the  beginning)  is  called  its  period.  Your  problem 
is  to  investigate  some  of  the  factors  that  might  influence  the  period  of  a  pendulum,  particu¬ 
larly  its  length,  its  mass,  and  the  angle  through  which  it  swings.  There  may  be  other  factors, 
of  course.  Be  prepared  to  suggest  some  later. 

Equipment 

Balls  of  brass,  iron,  aluminum,  or  other  materials  that  can  be  suspended;  string;  support; 
stop  watch  or  electric  timer. 

Procedure 

Before  you  start  the  investigation,  make  a  guess  about  the  way  in  which  each  of  these 
three  factors  influences  the  period.  There  is  no  penalty  for  a  wrong  guess.  A  scientist  often 
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sets  up  a  hypothesis,  only  to  find  that  it  is  a  false  one,  and  he  learns  as  much  in  this  way  as 
when  the  hypothesis  turns  out  to  be  true.  In  your  Data  Book,  write  three  hypotheses,  to 
express  your  guesses  about  the  effect  of  each  of  the  three  factors  on  the  period  of  a  pendulum. 

The  three  factors  you  are  investigating  must  be  varied  one  at  a  time.  If  two  were  varied 
at  the  same  time,  you  would  not  know  whether  the  change  in  the  behavior  of  the  pendulum 
was  due  to  one  or  both  factors. 

The  class  should  be  divided  into  three  groups,  each  investigating  a  different  factor. 

STEP  1  How  is  the  period  of  a  pendulum  affected  by  its  length?  Using  a  metal  ball  and 
a  piece  of  string,  make  a  pendulum  that  is  10  cm  long,  measured  from  the  pivot  point  to 
the  center  of  the  weight.  Displace  it  2  cm  (1/5  of  its  length)  from  its  resting  position  and 
measure  the  time  required  for  the  first  20  complete  cycles  (swings  across  and  back).  Repeat 
with  pendulum  lengths  of  20,  25,  50,  and  100  cm.  Be  sure  to  keep  all  the  other  factors 
constant:  use  the  same  metal  ball,  displace  it  1/5  of  its  length,  and  time  the  first  20  cycles. 
Record  your  data  in  a  table  with  columns  for  length  (/),  time  for  20  swings,  and  period  ( T ). 

STEP  2  How  is  the  period  of  a  pendulum  affected  by  its  mass?  For  these  observations 
you  must  keep  all  factors  constant  except  the  mass  of  the  pendulum  bob.  Use  a  pendulum, 
of  constant  length  (measure  it  each  time,  since  heavy  weights  may  stretch  the  string). 
Always  displace  the  pendulum  the  same  amount  and,  starting  immediately  after  the  pendu¬ 
lum  is  released,  always  count  20  complete  cycles  (across  and  back).  In  your  Data  Book 
make  a  suitable  table  and  record  the  data. 

STEP  3  How  is  the  period  of  a  pendulum  affected  by  the  angle  through  which  it  swings? 
Here  everything  must  be  kept  constant  except  the  angle.  Start  with  the  pendulum  only  very 
slightly  displaced,  then  displaced  about  15°,  about  45°,  and  about  90°,  and  count  20  com¬ 
plete  cycles  (across  and  back).  In  your  Data  Book  make  a  suitable  table  and  record  the  data. 

Discussion 

1.  Is  the  period  of  the  pendulum  affected  by  the  factor  you  investigated?  As  the  factor 
(length,  mass,  or  length  of  path)  increased,  did  the  period  increase,  decrease  or  stay 
the  same? 

2.  If  the  factor  you  investigated  did  influence  the  period,  try  to  find  more  about  the  relation¬ 
ship.  When  you  graph  the  two  quantities,  is  the  relationship  a  straight  line?  If  it  is,  the 
relationship  is  said  to  be  linear,  and  changes  in  the  two  quantities  are  proportional  to 
each  other.  If  the  graph  has  definite  curvature,  then  the  relationship  is  nonlinear. 

3.  Summarize  in  your  Data  Book  the  results  of  investigations  of  the  other  factors  made  by 
other  students.  What  is  the  influence  of  those  factors  on  the  period  of  a  pendulum? 
Is  the  relationship  linear  or  nonlinear.  If  your  factor  had  no  influence,  graph  the  data 
for  a  factor  that  did. 

4.  What  other  factors,  not  investigated  by  you  or  your  classmates,  might  influence  the 
period  of  a  pendulum? 

5.  What  was  the  advantage  in  timing  20  swings  of  the  pendulum  instead  of  only  one? 
Why,  in  Step  1,  was  the  pendulum  deflected  1/5  of  its  length  each  time,  instead  of  the 
same  number  of  cm  each  time? 
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For  Further  Investigation 

1.  Select  a  set  of  data,  your  own  or  from  one  of  the  other  groups,  that  shows  a  nonlinear 

relationship  when  graphed  and  attempt  to  determine  the  nature  of  the  relationship. 
To  do  this,  you  try  to  change  one  of  the  variables  in  such  a  way  that  you  can  make  a 
straight-line  graph.  For  example,  suppose  you  have  graphed  two  variables,  x  and  y, 
and  find  you  have  a  curve.  You  set  up  the  hypothesis  that  changes  in  y  are  proportional 
to  changes  in  x2.  Therefore  you  make  a  new  data  column,  headed  x2  and  calculate  all 
the  values.  Then  you  graph  y  and  x2  together.  If  the  result  is  a  linear  graph,  then  you 
know  that  changes  in  y  are  proportional  to  changes  in  x2.  Furthermore,  if  the  graph 
goes  through  0,  0,  you  know  that  y  is  proportional  to  x2,  or  y  =  kx2,  where  A:  is  a  con¬ 
stant  of  proportionality.  1 

If  that  change  does  not  produce  a  linear  graph,  you  can  change  x  to  - ,  or  \/x,  or  log  x, 

or  a  trigonometric  function  if  x  is  an  angle.  There  are  many  possibilities.  The  object 
of  such  an  investigation  is  to  write  an  equation  that  properly  expresses  the  relationship 
between  the  variables. 

2.  Use  your  data  to  find  the  value  of  the  acceleration  of  gravity  (g)  in  your  location.  Do  not 
attempt  this  until  you  have  learned  the  meaning  of  g.  Then  look  up  the  equation  for  the 
period  of  a  pendulum  and  see  how  you  can  use  it  to  evaluate  g.  Observe  rules  for 
significant  digits  in  reporting  your  result.  How  could  you  improve  the  accuracy  of  your 
observations  so  that  you  would  be  justified  in  reporting  more  significant  digits? 
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Introduction 

With  an  ordinary  meter  stick  you  can  measure  distances  to  the  nearest  mm,  making  a 
guess  about  the  nearest  0.1  mm.  Sometimes,  however,  you  may  wish  to  measure  objects, 
particularly  small  ones,  with  much  greater  precision.  Furthermore,  some  distances,  such 
as  the  diameter  of  a  wire  or  the  size  of  a  small  hole,  are  inconvenient  to  measure  with  a 
ruler.  Many  kinds  of  linear  measurements  can  be  made  precisely  and  conveniently  with  the 
vernier  caliper  and  the  micrometer  caliper.  The  purpose  of  this  investigation  is  to  teach  you 
how  to  use  these  instruments;  and  when  you  feel  reasonably  sure  of  your  ability,  your 
teacher  will  check  your  accuracy  by  having  you  measure  some  objects  he  has  already 
measured. 

Equipment 

Vernier  caliper  (metric),  micrometer  caliper  (metric);  miscellaneous  objects  to  be  meas¬ 
ured  (such  as  coins;  window  glass;  marbles;  wire;  glass  tubing;  sheets  of  paper;  human 
hair;  pencils. 
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Procedure 


A.  HOW  TO  USE  A  VERNIER  CALIPER 

STEP  1  Examine  your  vernier  caliper.  For  names  of  the  parts  see  Figure  6- la.  Notice 
that  there  are  two  scales,  a  fixed  one  and  a  movable  one.  The  fixed  scale  may  have  both 
metric  and  English  units.  In  this  investigation  you  will  use  the  metric  units.  Examine  the 
metric  scale,  a)  Is  the  distance  between  the  mark  numbered  0  and  the  mark  numbered  1, 
1  mm,  1  cm,  or  1  m?  b)  On  the  metric  scale  is  the  size  of  the  smallest  division  0.1  mm, 
1  mm,  or  1  cm?  If  you  are  not  sure  about  the  answers  to  these  questions,  check  with  your 
teacher. 

STEP  2  The  movable  scale  is  called  a  vernier.  There  are  10  divisions  on  the  edge  of  the 
vernier  touching  the  fixed  metric  scale.  The  line  at  the  far  left  is  the  0-line.  With  no  object 
between  the  jaws,  run  the  vernier  scale  to  the  left  as  far  as  it  will  go.  Then  the  0-line  of  the 
vernier  should  be  exactly  opposite  the  0-line  of  the  fixed  scale.  If  it  is  not,  there  is  some¬ 
thing  wrong  with  your  caliper  and  you  should  report  this  to  your  teacher. 

STEP  3  a)  Now  set  the  0-line  of  the  vernier  exactly  opposite  the  1  of  the  fixed  scale. 
What  is  the  distance  between  the  jaws?  b)  Next  set  the  0  of  the  vernier  exactly  opposite  the 
first  short  line  after  the  1  of  the  fixed  scale.  What  is  the  distance  between  the  jaws? 

STEP  4  In  Fig.  6-la,  with  an  object  between  the  jaws,  the  0-line  of  the  vernier  is  not 
exactly  opposite  any  of  the  lines  on  the  fixed  scale.  It  is  between  1.6  and  1.7  cm.  Therefore 
the  diameter  of  the  object  is  between  these  values.  The  vernier  scale  makes  it  possible  to 
determine  accurately,  not  by  guesswork,  the  third  digit  in  the  measurement.  To  do  this, 
find  that  pair  of  lines,  one  on  the  fixed  scale  and  one  on  the  vernier,  which  most  nearly 
coincide.  In  Fig.  6-lb  line  6  of  the  vernier  nearly  coincides  with  a  line  of  the  fixed  scale. 
Therefore  the  caliper  reading  is  1.66  cm,  accurate  to  the  nearest  0.01  cm. 


Fig.  6-1  The  vernier  caliper.  In  a.  the  caliper  is  used  to  measure  the  diameter  of  a 
cylinder;  b.  is  a  magnified  view  of  a  part  of  the  movable  scale  next  to  the  fixed  scale, 
showing  that  the  diameter  of  the  object  is  1 .66;  c.  shows  how  to  make  inside  measurements. 
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STEP  5  If  you  wish  to  measure  the  inside  diameter  of  a  hole,  put  the  tips  of  the  caliper 
in  the  opening,  as  shown  in  Fig.  6-lc.  Read  the  answer  in  the  same  way  as  before. 

STEP  6  Use  the  vernier  caliper  to  measure  several  objects.  In  measurements  made  with  a 
vernier  caliper  the  possibility  of  a  mistake  can  be  reduced  if  several  readings  are  taken. 
Furthermore,  the  object  being  measured  (a  piece  of  windowglass,  for  example)  may  not 
be  of  uniform  thickness.  For  these  reasons,  go  through  the  complete  process  of  each 
measurement  at  least  three  times,  making  the  measurement  at  different  places  on  the  object. 
Record  your  observations  in  a  neat  table  in  your  Data  Book,  and  average  each  group  of 
measurements.  In  the  section  at  the  beginning  of  this  book,  read  To  the  Student  3(d)  for  a 
suggested  form  for  the  table. 

STEP  7  When  you  think  you  know  how  to  use  the  vernier  caliper,  try  your  skill  with 
several  objects  previously  measured  by  your  teacher,  so  that  your  accuracy  can  be  checked. 
Record  your  results  in  your  Data  Book.  Be  sure  to  identify  each  object  by  name  and 
number  so  that  your  teacher  can  check  your  measurements. 


B.  HOW  TO  USE  A  MICROMETER  CALIPER 

STEP  1  Compare  your  caliper  with  Fig.  6-2.  Turn  the  handle  until  you  can  see  the  num¬ 
bers  5  and  10  on  the  scale  of  the  sleeve.  Does  the  10  on  the  sleeve  mean  10  in.,  10  cm,  or 
10  mm? 

STEP  2  Examine  the  numbers  on  the  thimble  scale.  How  many  divisions  are  there  in  the 
complete  circle  around  the  thimble  scale? 

STEP  3  a)  Set  the  0  of  the  thimble  scale  opposite  the  8  of  the  sleeve  scale.  The  number  8 
may  not  be  marked  on  the  sleeve.  You  have  to  determine  it  from  the  location  of  the  5  and  10. 
Now  turn  the  knob  until  the  0  is  opposite  the  9  of  the  sleeve  scale.  How  many  complete 
rotations  of  the  thimble  scale  were  required?  b)  In  moving  from  8  to  9,  the  edge  of  the 
thimble  moved  1  mm  to  the  right.  Through  how  many  scale  divisions  of  the  thimble  did  you 
turn  the  thimble?  c)  Is  the  value  of  a  single  scale  division  on  the  thimble  1  cm,  1  mm, 

STEP  4  Set  your  caliper  so  that  it 
reads  each  of  the  following  values: 
8.25  mm,  8.75  mm,  8.17  mm,  8.67 
mm,  8.04  mm,  8.54  mm.  If  you  are 
doubtful  about  how  to  make  these 
settings,  consult  your  teacher. 
Friends  may  also  be  able  to  help  you. 


0.1  mm,  0.01  mm,  or  0.001  mm? 


object 

being 

measured 


Fig.  6-2  The  micrometer  caliper. 
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STEP  5  If  you  bring  the  anvil  and  spindle  together  too  tightly,  you  can  damage  the 
instrument.  To  avoid  this  possibility,  grasp  the  handle  so  lightly  with  thumb  and  fingers 
that  your  fingers  slip  as  the  jaws  come  together.  With  practice  your  fingers  will  slip  when 
the  micrometer  is  adjusted  to  the  same  degree  of  tightness  on  each  measurement.  This  skill 
will  permit  you  to  make  consistent  readings.  Some  instruments  have  a  ratchet  on  the  handle, 
which  slips  as  the  jaws  come  together.  Be  sure  to  use  the  ratchet  handle  if  there  is  one,  and 
always  let  it  click  the  same  number  of  times. 

It  is  unlikely  that  the  thimble  scale  will  read  0  when  the  jaws  are  together.  Examine 
Fig.  6-3  to  see  how  to  record  your  0-error.  Note  particularly  (d),  which  shows  how  to 
estimate  to  the  nearest  0.001  mm.  Make  at  least  three  readings  of  the  0-error,  record  them 
in  the  Data  Book,  and  compute  the  average. 


Fig.  6-3  How  to  determine  the  0-error.  a.  The  0-error  is  0  mm;  b.  the  0-error  is  0.02 
mm.  c.  the  0-error  is  — 0.03  mm.  d.  If  the  0-error  is  between  two  marks  on  the  thimble, 
estimate  its  position.  Here  it  is  0.014  mm. 


STEP  6  Place  an  object  between  the  anvil  and  spindle.  In  order  not  to  damage  the 
instrument  or  the  object,  use  the  same  technique  as  you  did  to  bring  the  jaws  together. 
Record  the  reading  in  a  table  in  your  Data  Book  similar  to  the  one  described  in  To  The 
Student  3(d).  Estimate  to  the  nearest  0.001  mm.  Do  not  correct  the  reading,  but  record 
exactly  what  you  read,  even  if  the  0-error  is  not  0.  With  micrometer  calipers  it  is  customary 
to  take  10  readings,  since  the  instrument  is  capable  of  registering  very  small  differences  in 
length,  and  the  average  of  10  readings  is  therefore  much  more  accurate  than  the  average  of 
only  2  or  3.  The  0-error  is  then  subtracted  from  the  average.  Thus,  if  the  average  is  14.724 
mm  and  the  0-error  is  0.015  mm,  the  corrected  value  for  the  length  is  14.724  mm  —  0.015 
mm,  or  14.709  mm.  If  the  average  is  28.389  mm  and  the  0-error  is  —0.027  mm,  the  corrected 
value  is  28.389  mm  —  (—0.027  mm),  which  is  28.389  mm  -f-  0.027  mm,  or  28.416  mm. 

Practice  using  the  micrometer  caliper  to  measure  various  objects.  You  might  trade 
objects  with  other  students,  and  compare  results.  Record  all  of  the  data  in  your  Data  Book. 
When  you  think  your  skill  is  good  enough,  ask  the  teacher  for  an  object  he  has  already 
measured.  Record  your  measurements  in  your  Data  Book,  being  sure  that  you  identify  the 
object  by  name  and  number.  Your  teacher  will  tell  you  how  many  of  the  test  objects  he 
wants  you  to  measure. 

Discussion 

1.  If  you  wanted  to  measure  the  diameter  of  a  5-cent  piece  as  accurately  as  possible,  would 
you  prefer  to  use  a  vernier  caliper  or  a  micrometer  caliper?  Why? 
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2.  To  make  each  of  the  following  measurements  as  accurately  as  possible,  would  you  use  a 
meter  stick,  a  micrometer  caliper,  or  a  vernier  caliper?  a)  diameter  of  a  golf  ball;  b) 
length  of  a  table;  c)  diameter  of  a  human  hair;  d)  thickness  of  a  piece  of  paper;  e)  inside 
diameter  of  a  hole  as  big  around  as  your  little  finger;  0  inside  diameter  of  a  barrel. 

3.  In  this  investigation  you  averaged  the  several  measurements  of  each  distance.  In  what 
two  ways  is  the  average  of  several  readings  likely  to  be  better  than  a  single  one? 

4.  Why  was  it  desirable  to  use  10  readings  for  the  micrometer  caliper  but  only  3  for  the 
0-error  and  for  the  vernier? 

5.  How  could  you  use  a  vernier  caliper  to  measure  the  thickness  of  a  single  sheet  of  paper? 

For  Further  Investigation 

1.  Teach  yourself  to  use  a  vernier  caliper  marked  in  inches.  Measure  and  record  in  inches 
some  of  the  distances  you  have  already  measured  in  cm  or  mm.  To  check  your  skill, 
convert  the  English  units  into  metric  units  and  compare  your  answers  with  your  original 
measurements  in  metric  units. 

2.  How  many  divisions  on  the  fixed  metric  scale  of  the  vernier  caliper  are  spanned  by  10 
divisions  of  the  movable  scale?  How  many  divisions  are  there  on  the  movable  scale  for 
English  units?  How  many  divisions  on  the  fixed  scale  do  they  span?  If  you  wanted  to 
measure  something  in  twelfths  of  the  smallest  division  on  a  fixed  scale,  how  many  divi¬ 
sions  should  there  be  on  a  vernier  scale  ?  How  many  fixed  scale  divisions  should  they  span  ? 

3.  If  you  answered  Question  2,  can  you  figure  out  why  the  rule  that  governs  the  design  of  the 
vernier  works? 
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Weight  and  A/lass 


Introduction 

Every  object  on  earth  has  both  mass  and  weight.  It  may  surprise  you  to  learn  that  the 
two  words  do  not  mean  the  same  thing  to  a  physicist.  It  is  the  purpose  of  this  investigation 
to  help  you  to  understand  the  difference  between  the  concepts  of  weight  and  mass. 

You  can  learn  something  about  these  quantities  by  measuring  them.  If  you  wish  to 
measure  them  very  exactly,  you  need  precise  instruments.  You  can  compare  several  weights 
or  several  masses,  however,  by  using  your  hand  as  the  instrument.  As  you  follow  the  pro¬ 
cedure  for  this  investigation,  see  what  conclusions  you  can  draw  about  mass  and  weight. 
These  questions  may  guide  your  thinking:  Does  this  quantity  (mass  or  weight)  have  a 
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direction?  (A  push  or  a  pull,  for  example,  has  a  direction,  whereas  a  volume  has  not.) 
If  one  object  has  a  greater  weight  than  another,  does  it  also  have  a  greater  mass? 

This  investigation  may  look  so  simple  to  you  that  you  think  it  foolish,  but  the  ideas 
involved  are  of  great  importance  and  are  also  ones  that  students  often  find  hard  to  under¬ 
stand.  Most  of  the  investigation  centers  in  the  Discussion.  If  you  will  think  through  these 
questions  carefully,  you  will  not  be  confused  later  by  the  difference  between  weight  and  mass. 

Equipment 

Tin-can  buckets;  rods  from  which  buckets  can  be  suspended;  laboratory  weights;  string; 
gummed  tape. 

Procedure 

In  this  investigation  you  are  not  trying  to  define  either  weight  or  mass.  Instead,  you  will 
be  given  some  partial  definitions  of  these  quantities,  and  your  job  is  to  try  to  understand 
what  these  definitions  mean.  The  definitions  are  operational  definitions;  that  is,  they 
describe  an  operation  or  test  that  you  can  use  in  order  to  measure  the  quantity. 

To  test  for  weight:  Lift  the  object  and  see  how  hard  it  pulls  on  your  hand. 

To  test  for  mass:  Push  the  object  to  give  it  speed,  or  try  to  slow  it  down,  and  see 
how  hard  you  have  to  push. 

STEP  1  Put  weights  in  4  tin-can  buckets  until  each  contains  one  of  the  following  amounts: 
500  g;  1000  g;  1500  g;  2000  g.  Tape  a  label  to  the  bottom  of  each  can  to  identify  the  weight. 
Put  crumpled  paper  in  the  top  of  each  can  so  that  you  cannot  see  the  weights. 

Have  someone  rearrange  the  cans  while  you  are  not  looking.  Then  lift  each  can  in  turn 
and  arrange  them  from  lightest  to  heaviest.  Compare  your  arrangement  with  the  labels 
on  the  bottom.  How  does  the  order  in  which  you  have  arranged  them  by  weight  agree  with 
the  order  of  the  amounts  on  the  label?  Record  your  observation  in  your  Data  Book. 

STEP  2  Mix  up  your  cans  and  label  them  A,  B,  C,  and  D.  Suspend  each  of  them  by  a 
string  at  least  40  cm  long  and  far  enough  apart  so  that  when  they  swing,  they  are  not  likely 
to  bump  into  each  other.  Now  give  each  can  a  horizontal  push.  It  is  harder  to  start  some 
cans  than  others? 

Stop  each  can  in  the  same  way  and  with  the  same  hand.  Are  they  equally  easy  to  stop? 
Continue  testing  the  cans,  each  time  being  sure  that  the  can  is  stationary  when  you  start 
to  push  it  or  that  all  are  going  at  the  same  speed  when  you  stop  them.  Arrange  the  cans 
from  the  one  with  the  least  mass  to  the  one  with  the  greatest  mass.  How  does  the  order  in 
which  you  have  arranged  them  by  mass  compare  with  the  order  in  which  you  arranged  them 
by  weight?  Record  your  observations  in  your  Data  Book. 

Discussion 

1.  A  quantity  that  has  magnitude  only  is  called  a  scalar  quantity.  A  quantity  with  both 
magnitude  and  direction  is  called  a  vector  quantity.  Is  weight  a  vector  or  a  scalar 
quantity?  If  it  is  a  vector  quantity,  in  what  direction  does  it  act?  What  observation 
made  during  this  investigation  supports  your  answer  ? 

2.  Every  object  resists  being  started  and  resists  being  stopped.  This  resistance  to  a  change 
in  velocity  is  called  the  inertia  of  the  object.  When  you  tested  for  mass,  you  were  testing 
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inertia.  Mass  is  often  called  the  quantitative  measure  of  the  inertia  of  an  object.  Does 
the  inertia  of  an  object  seem  to  act  in  a  particular  direction?  Before  answering  this, 
ask  yourself  whether  a  can  has  inertia,  no  matter  what  the  direction  of  the  push  you 
give  it.  Is  mass  a  scalar  or  a  vector  quantity? 

3.  If  one  object  has  greater  weight  than  another  (when  both  are  in  the  same  place),  does 
it  also  have  greater  mass?  Give  reasons  based  on  your  observations. 

4.  Why  was  it  important  in  this  investigation  that  all  of  the  cans  be  the  same  size? 

5.  The  weight  of  an  object  is  the  result  of  gravitational  attraction  between  the  object  and 
other  objects.  Since  your  investigation  is  carried  on  at  the  surface  of  the  earth,  the 
largest  gravitational  force  acting  on  it  is  that  between  the  object  and  the  earth,  but  it  is 
also  attracted  by  the  sun,  moon,  and  even  by  other  objects  in  the  room.  Compare  the 
direction  of  a  weight  in  the  United  States  with  the  direction  of  a  weight  in  Austrialia. 

6.  If  you  were  a  hundred  miles  above  the  earth,  would  you  expect  your  weight  to  be 
exactly  the  same  as  it  is  when  you  are  on  the  ground?  Why?  What  would  you  expect 
on  the  moon? 

7.  In  the  part  of  the  procedure  used  to  test  mass,  it  was  important  that  the  weight  of  a 
can  should  not  interfere  with  your  ability  to  feel  its  inertia.  How  was  this  done? 

8.  If  you  could  put  yourself  in  the  right  location  between  the  earth  and  the  moon,  your 
weight  would  be  zero.  Explain. 

9.  You  feel  your  weight  because  of  the  pressure  exerted  on  your  body  by  whatever  is 
supporting  you.  If  you  jump  from  a  height,  there  is  no  pressure  on  you  until  you  hit 
the  ground.  Therefore,  while  you  are  falling,  you  feel  weightless.  An  astronaut  coast¬ 
ing  in  space  when  the  rockets  on  his  ship  are  turned  off  feels  no  pressure  to  give  him  a 
feeling  of  weight.  He  feels  weightless,  but  does  he  have  zero  weight?  Give  reasons  for 
your  answer. 

10.  Remember  that  the  investigation  was  set  up  in  such  a  way  that  weight  was  not  involved 
when  you  were  testing  for  mass.  Suppose  that  you  were  able  to  take  your  2000-g  can 
to  a  place  where  its  weight  was  zero.  If  the  can  still  contained  all  of  its  original  material, 
would  its  mass  be  changed?  Would  it  be  easier  or  harder  to  set  it  in  motion  than  on 
earth?  Give  reasons  for  your  answer. 

11.  The  objects  marked  100  g,  200  g,  etc.,  that  you  put  in  your  cans  are  called  laboratory 
weights.  Some  people  think  they  should  be  called  laboratory  masses.  Which  term  do 
you  think  is  more  accurate?  Why? 

12.  Examine  the  various  instruments  used  for  weighing  in  your  laboratory.  You  will 
probably  find  both  beam  balances  and  spring  balances.  Which  balances  truly  measure 
weight,  and  which  use  the  weights  of  objects  in  order  to  make  a  comparison  of  masses? 
Which  type  of  balance  would  give  the  same  reading  on  the  moon  as  on  the  earth? 
Which  would  give  different  readings  in  the  two  places?  Why  is  it  possible  to  use 
weights  to  compare  masses? 

13.  In  a  vault  in  France,  there  is  a  metal  cylinder  called  the  International  Standard  Kilo¬ 
gram.  Almost  all  of  the  countries  of  the  world  base  their  measures  of  mass  and  weight 
on  this  cylinder.  Is  the  cylinder  more  reliable  as  a  standard  of  mass  or  of  weight? 
Why?  How  could  you  use  it  as  a  standard  for  both? 
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Force  and  Acceleration 
Metric  Units  of  Mass  and  Force 


Introduction 

As  you  learned  in  Investigation  1,  the  velocity  of  any  object  remains  unchanged  unless 
an  unbalanced  outside  force  acts  upon  it.  The  question  you  will  investigate  in  this  experi¬ 
ment  is:  What  happens  when  an  unbalanced  force  does  act  on  an  object?  You  will  also  be 
introduced  to  the  metric  units  of  mass  and  force. 

The  simplest  answer  to  the  question  of  how  an  unbalanced  force  acts  on  an  object  is  that 
the  velocity  changes.  In  other  words,  there  is  acceleration.  The  size  of  the  force  should  have 
something  to  do  with  the  acceleration,  and  so  should  the  mass  of  the  object.  In  this  experi¬ 
ment  you  will  therefore  investigate  the  relationship  between  the  force  and  the  acceleration. 

Before  starting  the  experiment,  make  a  guess  about  the  way  in  which  the  force  influences 
the  acceleration.  Choose  your  hypothesis  (no  penalty  for  a  wrong  guess).  When  an  unbal¬ 
anced  force  acts  on  an  object,  it  produces  an  acceleration  that  is  a)  directly  proportional  to 
the  force;  b)  inversely  proportional  to  the  force;  c)  related  to  the  force  in  some  more  compli¬ 
cated  way.  Write  the  selected  hypothesis  in  your  Data  Book. 

Equipment 

Weight  hangers,  slotted  weights  (totaling  2.4  kg  for  each  group  of  students,  at  least  100  g 
of  which  are  10-g  and  20-g  weights);  nonstretching  and  nontwisting  cord  (nylon  fishline 
recommended);  single  fixed  pulley  with  low  friction  and  light  weight;  stop  watch;  meter 
stick.  The  pulley  must  be  wide  enough  so  that  weight  hangers,  hung  as  in  Fig.  8-1,  do  not 
bump  each  other  when  they  pass. 

Procedure 

Before  you  start  your  investigation,  answer  the  following  questions  in  your  Data  Book 
and  have  the  answers  checked.  You  will  not  be  graded  on  your  answers.  It  is  important 
for  you  to  have  the  correct  answers  and  to  understand  why  they  are  correct  because  then 
you  will  understand  better  how  to  carry  out  the  investigation. 

a)  In  this  investigation  you  should  record  masses  in  kilograms;  although  they  will 
probably  be  marked  in  grams.  Convert  the  following  quantities  from  g  to  kg  (see 
Appendix  5):  1200  g;  780  g;  250  g;  40  g;  10  g;  3  g. 

b)  Weight  and  mass  are  not  the  same  thing.  Weight  is  a  force,  caused  by  the  gravitational 
attraction  between  masses,  while  mass  is  a  measure  of  the  inertia  possessed  by  an 
object.  Just  as  there  is  in  the  metric  system  a  special  unit  of  mass,  the  kilogram,  so 
there  is  also  a  special  unit  of  force,  the  newton  (N),  which  will  be  defined  later. 
However,  in  the  laboratory  you  will  often  measure  weights  in  kilograms  or  grams 
instead  of  in  newtons.  A  force  of  1  kg  is  equal  to  the  weight  of  a  1  -kg  mass  at  the 
surface  of  the  earth  (more  precisely,  at  a  spot  where  the  acceleration  of  gravity  is 
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mi! 

m2i 

(a) 


Fig.  8-1  Notice  in  b  that  mj  will 
always  descend  the  same  distance 
if  m 2  rests  on  the  floor  at  the  begin¬ 
ning  of  each  trial. 


9.80665  m/sec2).  Therefore  you  can  use  kilogram-masses  and  gram-masses  in  your 
laboratory  to  weigh  things  in  kilograms  of  force  (kgf)  or  grams  of  force  (gf).  The/is 
put  in  as  part  of  the  abbreviation  to  remind  you  that  a  force  unit  is  being  used.  At  the 
surface  of  the  moon,  does  a  1-kg  mass  weigh  1  kgf,  more  than  1  kgf,  or  less  than 
1  kgf?  Why? 

c)  In  a  space  ship  1000  miles  out  from  the  surface  of  the  earth,  would  a  1-kg  mass  weigh 
1  kgf,  more  than  1  kgf,  or  less  than  1  kgf?  Why? 

d)  If  m i  and  m2  in  Fig.  8-1  have  the  same  mass,  what  will  happen? 

e)  If  mx  is  1.500  kg  and  m2  is  1.400  kg,  what  force  in  kgf  is  acting  because  of  the  differ¬ 
ence  in  weights  on  the  two  sides  of  the  pulley?  What  would  you  expect  to  happen  as  a 
result  of  the  difference  in  weight? 

f)  Suppose  that  mx  is  1.460  kg  and  m2  is  1.440  kg.  In  spite  of  the  weight  difference, 
nothing  happens.  How  can  this  be  explained? 

g)  In  the  light  of  your  answer  to  Question  (f),  what  can  you  say  about  the  size  of  the 
unbalanced  force  causing  the  change  in  velocity  in  Question  (e)? 

h)  When  there  is  motion  caused  by  the  difference  in  weight,  what  is  the  total  mass  that 
moves?  (Ignore  the  mass  of  the  pulley.) 

i)  If  you  start  with  the  situation  shown  in  Fig.  8-lb,  and  if  mx  is  much  larger  than  m2, 
how  far  will  mx  move  before  stopping?  How  could  you  measure  this  distance? 

j)  Suppose  you  use  a  stopwatch  to  measure  the  time  for  mx  to  descend  to  the  floor  and 
get  the  following  results:  3.2  sec,  3.1  sec,  3.9  sec,  3.1  sec,  3.0  sec,  3.2  sec.  What  would 
you  do  about  the  3.9  sec  measurement  when  you  calculated  the  average  time?  Why? 

k)  If  mx  falls  1.00  m  from  its  rest  position  in  5.0  sec,  what  is  the  acceleration?  Show 
your  method  clearly  in  your  Data  Book,  but  do  the  arithmetic  on  another  paper. 

l)  Since  you  are  investigating  the  effect  of  force  on  acceleration,  how  can  you  arrange 
things  so  that  the  mass  remains  the  same  even  though  the  force  changes? 

STEP  1  Set  up  apparatus  as  shown  in  Fig.  8-1.  The  pulley  should  be  1.20  m  or  more 
above  the  floor.  Notice  that  the  string  must  be  just  long  enough  so  that  when  m2  is  resting 
on  the  floor,  mx  is  almost  up  to  the  pulley. 

STEP  2  Note  that  the  mass  of  each  weight  hanger  is  printed  on  it.  Add  1.200  kg  to  each 
weight  hanger.  Weight  hanger  m2  should  have  at  least  100  g  in  10-g  and  20-g  units.  (See 
your  answer  to  Question  (1). 

STEP  3  Set  up  a  chart  in  your  Data  Book  like  the  one  shown.  Record  the  values  of  mx 
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DATA  CHART 


mx  at 

the  beginning 

kg 

m2  at  the  beginning  kg 

3 

(distance  that  mx  travels  when  it  descends) 

m 

f  due  to 

mi 

m2 

t 

t  (av) 

a 

difference 

Unbalanced  f 

(kg) 

(kg) 

(sec) 

(sec) 

(m/sec2) 

in  weights 

(kgf) 

(kgf) 

— 

— 

and  m2  at  the  beginning,  and  s.  Note  your  answer  to  Question  (i)  if  you  are  not  sure  how 
to  measure  5. 

STEP  4  Move  weights  from  m2  to  mx  until  the  difference  is  sufficient  to  make  mx  travel 
from  top  to  bottom  in  about  6  or  7  sec.  Record  the  values  of  mx  and  m2  on  the  first  line 
of  your  data  chart.  With  a  stop  watch  measure  the  time  (/)  as  precisely  as  possible.  This  is  a 
measurement  that  is  difficult  to  make  with  precision,  since  you  must  try  to  start  the  watch 
at  the  moment  when  the  weight  begins  to  descend,  and  to  stop  it  at  the  moment  when  the 
weight  hits  the  floor.  The  average  of  5  such  measurements  is  more  likely  to  be  accurate 
than  a  single  measurement.  There  is  room  on  your  data  chart  for  recording  more  than  5 
measurements,  so  that  if  any  measurement  is  obviously  incorrect,  it  may  be  crossed  out. 
See  your  answer  to  Question  (j). 

STEP  5  Take  10  g  more  from  m2  and  add  it  to  mv  Measure  the  time  5  or  more  times  and 
record  them  on  data  chart.  Repeat  this  step  and  continue  to  repeat  it  until  mx  is  descending 
so  rapidly  that  you  can  no  longer  make  accurate  measurements  of  the  time. 

STEP  6  Complete  the  rest  of  the  columns  on  the  data  sheet,  except  for  the  one  labeled 
“Unbalanced  force.”  For  calculating  acceleration  (a),  see  your  answer  to  Question  (k). 
Calculate  t  (av)  to  one  more  digit  than  in  the  original  measurements,  since  the  average  has 
more  accuracy  than  a  single  measurement. 

STEP  7  From  your  data  sheet  you  cannot  tell  exactly  the  amount  of  the  frictional  force 
in  the  pulley  wheel,  but  you  can  tell  that  it  was  less  than  a  certain  amount.  Record  the 
amount  in  the  Data  Book. 

STEP  8  Graph  the  force  due  to  the  difference  in  the  weights  against  the  acceleration. 
(See  Appendix  3.) 

STEP  9  According  to  your  graph,  if  the  acceleration  were  0,  would  the  force  due  to  the 
difference  in  weights  be  0?  Account  for  your  observation. 

STEP  1  0  What  is  the  size  of  the  force  of  friction  in  the  pulley? 

STEP  1  1  Complete  the  last  column  on  your  data  chart  and  graph  unbalanced  force 
against  the  acceleration. 
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Discussion 

1.  If  the  mass  of  an  object  is  held  constant,  what  is  the  relationship  between  an  unbalanced 
force  and  the  acceleration  it  produces?  What  is  your  evidence  for  this  conclusion? 
Compare  the  conclusion  with  your  hypothesis.  Was  the  hypothesis  supported  by  your 
observations,  or  must  it  be  discarded? 

2.  Why  were  you  instructed  to  move  weights  from  one  weight  hanger  to  the  other?  Why 
not  just  add  weights  to  from  another  supply  of  weights? 

3.  Why  was  it  possible  to  ignore  the  mass  of  the  pulley? 

4.  When  you  used  the  distance  traveled  by  mi  and  the  time  it  took  to  descend,  in  order  to 
calculate  acceleration,  what  assumption  were  you  making  about  the  acceleration? 
Is  this  a  reasonable  assumption?  Why? 

5.  Would  this  investigation  work  in  a  place  where  objects  have  zero  weight?  Why? 

6.  If  you  apply  a  force  to  a  1-kg  mass  that  gives  it  an  acceleration  of  exactly  1  m/sec2,  the 
force  is  1  newton  (N).  Answer  the  following  questions  in  order  to  determine  the  relation¬ 
ship  between  a  force  of  1  N  and  a  force  of  1  kgf. 

a)  What  force  in  newtons  (N)  will  give  an  acceleration  of  5  m/sec  to  a  mass  of  1  kg? 

b)  What  force  in  N  will  give  an  acceleration  of  9.8  m/sec  to  a  mass  of  1  kg? 

c)  If  you  are  at  the  surface  of  the  earth  and  you  drop  a  mass  of  1  kg  from  your  hand, 
what  is  its  acceleration? 

d)  What  force  in  N  must  be  acting  on  a  mass  of  1  kg  when  you  drop  it  at  the  surface  of 
the  earth? 

e)  What  force  in  kgf  is  acting  on  a  mass  of  1  kg  when  you  drop  it  at  the  surface  of  the 
earth? 

f)  1  kgf  =  J_  N. 

7.  There  is  another  metric  unit  of  force,  the  dyne.  It  is  the  force  that  will  give  a  mass  of 
1  g  an  acceleration  of  1  cm/sec2.  Using  the  same  reasoning  as  in  Discussion  Question  6, 
tell  how  many  dynes  there  are  in  1  gf. 
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Introduction 

The  words  work  and  power  have  a  variety  of  meanings  in  everyday  use.  To  the  physicist, 
however,  each  of  these  words  means  something  very  particular.  It  is  the  purpose  of  this 
investigation  to  give  you  an  understanding  of  the  physicist’s  definitions  of  these  two  con¬ 
cepts  and  to  give  you  some  experience  in  measuring  them. 

Equipment 

Balances;  stop  watch;  measuring  stick;  various  objects  to  be  used  as  loads. 
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Procedure 

You  will  measure  your  own  power  when  you  perform  two  different  tasks.  You  will  not 
get  the  same  result  for  both  tasks. 

Before  you  start  your  investigation ,  solve  the  four  following  problems  and  have  your  answers 
checked. 

a)  A  person  weighing  175  lb  climbs  a  flight  of  stairs  that  is  10.0  ft  high  vertically  and 
20.0  ft  long  parallel  to  the  slope.  How  much  work  does  he  do? 

b)  The  same  person  climbs  the  stairs  in  5.0  sec.  What  is  his  power  in  ft.  lb/sec?  What  is 
his  horsepower? 

c)  A  person  lifts  a  load  of  36  kg  to  a  height  of  5.0  m.  How  many  joules  of  work  does 
he  do? 

d)  If  the  same  person  does  the  work  in  6.0  sec,  what  is  his  power  in  watts? 

STEP  1  Measure  your  horsepower  when  running  upstairs.  You  need  to  know  your  weight 
in  pounds  fully  clothed.  Measure  the  time  in  seconds  and  the  distance  in  feet.  Be  careful 
about  significant  digits. 

STEP  2  Measure  your  power  in  watts  when  lifting  weights  from  the  floor  to  the  table. 
Any  objects  may  be  used  for  the  load.  Let  the  total  load  be  at  least  20  kg,  with  enough 
different  objects  so  that  several  trips  must  be  made  to  get  all  of  them  onto  the  table.  Decide 
what  data  to  measure.  Convert  the  watts  obtained  to  horsepower.  (1  hp  =  746  W.) 

Discussion 

1.  Examine  the  results  obtained  by  other  students  along  with  your  own.  Can  a  person 
operate  at  a  power  rate  of  1  hp  or  better?  If  so,  can  he  operate  at  this  power  for  a  long 
period  of  time?  Give  your  reason. 

2.  Is  the  power  rate  greater  for  running  upstairs  or  for  loading  weights  onto  the  table? 

3.  Why  is  the  power  rate  different  in  the  two  situations? 


The  Mechanical  Power 
Developed  by  an  Engine 
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Introduction 

People  commonly  speak  of  tractors  and  automobiles,  of  electric  fans  and  locomotives 
in  terms  of  their  power.  The  power  is  sometimes  stated  in  horsepower,  sometimes  in  watts. 
Most  engines  have  drive  shafts,  which  rotate  and  which  convey  the  power  from  the  engine 
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to  the  place  where  it  is  to  be  used.  In  this  investigation  you  will  measure  the  power  output 
of  such  an  engine. 

Equipment 

Small  electric  motor  with  pulley  wheel;  heavy  spring  balances;  leather  brake  belt; 
revolution  counter;  stop  watch  or  electric  timer;  device  for  measuring  pulley  diameter; 
support  rods  and  clamps. 

Procedure 

Before  you  start  your  investigation:  The  equation  for  calculating  power  is: 

p  _  work  _  Fs 
time  t 


where  F  is  force  acting  perpendicular  to  distance  s,  and  t  is  time. 

Examine  the  apparatus  shown  in  Fig.  10-1.  The  motion  of  the  pulley  wheel  on  the  drive 
shaft  of  the  engine  is  opposed  by  the  friction  of  the  leather  brake,  which  presses  against  it. 
You  must  measure  F,  s,  and  t  when  the  engine  is  turning.  The  questions  that  follow  will 
help  you  to  see  how  to  make  these  measurements.  Do  not  proceed  with  the  investigation 
until  you  are  sure  you  have  the  correct  answers  to  the  questions. 


a)  When  the  engine  is  turning,  will  the  two  spring  balances  read  the  same  amount? 

b)  The  direction  of  rotation  of  the  pulley  is  shown  in  the  picture.  Compare  the  reading 
of  the  balance  on  the  right  with  that  of  the  one  on  the  left. 

c)  How  can  you  tell  the  size  of  the  force  exerted  on  the  pulley  wheel  by  the  belt? 

d)  The  force  exerted  by  the  belt  stays  in  the  same  place  while  the  pulley  wheel  moves. 
During  one  revolution  of  the  wheel,  the  distance  along  which  the  force  acts  is  the 
circumference  of  the  wheel.  How  are  you  going  to  measure  the  circumference  of  the 
wheel?  This  must  be  discussed  with  your  teacher  in  terms  of  the  equipment  available 
in  your  laboratory. 


e)  The  pulley  will  turn  so  rapidly 
that  you  cannot  readily  measure 
the  time  for  a  single  revolution. 
If  you  use  a  stop  watch  and  a 
revolution  counter,  you  can  find 
the  number  of  complete  revolu¬ 
tions  in  a  certain  amount  of  time, 
perhaps  10  sec.  If  the  pulley 
makes  300  revolutions  in  10  sec, 
how  could  you  find  the  total 
distance  along  which  the  force 
acts  during  that  time? 

Fig.  10-1  A  prony  brake  can  be 
used  to  measure  mechanical  power 
simply  and  accurately. 
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STEP  1  Set  up  your  apparatus  as  shown  in  Fig.  10-1  and  practice  using  it.  This  experi¬ 
ment  requires  at  least  a  two-man  team,  one  to  count  revolutions  and  time,  the  other  to 
maintain  a  constant  tension  as  indicated  by  the  spring  balances.  If  these  readings  cannot 
be  kept  reasonably  constant,  it  will  be  necessary  to  observe  them  at  frequent  intervals  and 
compute  the  average  values. 

STEP  2  Prepare  a  data  chart.  Provide  space  to  record  pulley  diameter  in  meters,  time 
interval,  number  of  revolutions,  and  readings  on  each  spring  balance. 

STEP  3  Compute  the  power  output  of  the  motor  in  watts  and  in  horsepower. 


(1  hp  =  746  W.) 


Discussion 


1.  Under  what  conditions  would  the  two  spring  balance  readings  be  the  same? 

2.  F  and  5  are  supposed  to  be  in  the  same  direction.  How  can  5  be  in  the  same  direction  as 
Fif  s  is  measured  around  the  circumference  of  the  pulley? 
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Introduction 

When  you  shuffle  across  a  rug  on  a  day  in  winter,  you  can  give  a  shock  to  a  person  whom 
you  touch.  When  you  comb  your  hair  briskly,  you  may  hear  it  crackle.  If  you  take  off  a 
nylon  shirt  while  you  are  standing  in  a  darkened  room,  you  may  see  flashes  of  light  in  the 
cloth.  All  of  these  phenomena  are  evidences  of  the  electric  nature  of  matter.  Your  body, 
the  comb,  your  hair,  and  the  nylon  shirt  each  acquired  an  electric  charge  as  a  result  of  rub¬ 
bing  against  another  kind  of  material. 

What  kinds  of  electric  charge  exist?  How  do  electric  charges  behave  toward  each  other? 
How  can  you  tell  what  kind  of  electric  charge  exists  on  an  object?  These  are  questions  you 
will  be  able  to  answer  after  carrying  out  this  investigation.  You  will  find  that  there  are  many 
small  questions  asked  as  you  proceed.  They  are  set  up  in  such  a  way  that  if  you  answer 
each  one  as  you  go  along,  you  will  find  it  easy  to  understand  the  investigation  and  the 
theory  that  scientists  use  to  explain  your  observations.  If  you  skip  questions,  you  may  get 
confused,  so  take  each  in  turn. 
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Equipment 

Strips  of  flexible  vinyl  plastic  (the  kind  used  for  freezer  and  dry  cleaner  bags);  strips  of 
fiberglass  curtain  fabric  or  of  acetate  ribbon  (the  cheap  kind  used  to  tie  gift  packages); 
plastic  bags  large  enough  to  fit  over  one  hand;  hard  rubber  rods;  slings  to  support  rods; 
string;  fur;  electroscopes. 


Procedure 


A.  KINDS  OF  ELECTRIC  CHARGE 


STEP  1  Hold  2  vinyl  plastic  strips  (or  a  single  one  folded  over)  and  rub  with  the  fingers, 

as  shown  in  Fig.  11-1.  What  evi¬ 
dence  do  you  see  that  the  strips  are 
charged?  Both  strips  are  of  the  same 
material  and  were  charged  in  the 
same  way.  Therefore  they  must  have 
charges  that  are  alike.  Do  these  two 
similar  charges  repel  or  attract  each 
other?  Call  the  charge  on  the  vinyl 
strips  charge  X. 


Fig.  1  1-1  Two  strips  of  vinyl  plastic 
can  be  charged  by  rubbing  them  briskly 
with  three  fingers. 


STEP  2  Hold  two  fiberglass  or  acetate  ribbon  strips  in  one  hand  and  stroke  them  with  a 
plastic  bag  that  completely  covers  the  other  hand.  What  evidence  do  you  see  that  the  strips 
are  charged?  Both  strips  are  of  the  same  material  and  were  charged  in  the  same  way. 
Therefore  they  must  also  have  charges  that  are  alike.  Do  these  two  similar  charges  repel 
or  attract  each  other?  Since  you  do  not  know  whether  or  not  this  is  the  same  kind  of  charge 
as  X,  call  it  charge  Y. 

STEP  3  Charge  the  vinyl  strips  and  suspend  them  by  clipping  or  clamping  them  together 
at  one  end  to  a  hanging  string,  with  the  loose  ends  free  to  deflect.  Charge  the  fiberglass 
or  acetate  ribbon  strips  and  bring  them  near  the  vinyl  ones.  Does  charge  X  (on  the  vinyl 
strips)  attract  or  repel  charge  Y  (on  the  fiberglass  or  acetate  ribbon)?  Is  charge  X  like  or 
unlike  charge  7? 

STEP  4  Any  names  could  be  used  for  the  two  kinds  of  charge.  Benjamin  Franklin  called 
them  negative  and  positive,  names  still  used  today.  Charge  X  (the  kind  that  exists  on  the 
vinyl  plastic)  is  called  negative,  and  charge  Y  (the  kind  that  exists  on  the  fiberglass  or  acetate 
ribbon)  is  called  positive.  Suspend  your  fiberglass  or  acetate  ribbon  strips  and  keep  them 
charged.  Keep  the  suspended  vinyl  strips  charged  also. 

You  should  be  able  to  find  out  the  kind  of  charge  produced  on  various  objects  when  you 
rub  them.  Try  this  for  such  objects  as  a  hard  rubber  rod  rubbed  with  wool,  your  comb  just 
after  you  comb  your  hair  vigorously,  a  wooden  pencil,  a  plastic  pen,  a  metal  rod,  or  any 
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other  handy  materials.  Record  in  your  Data  Book  the  result  of  your  investigation.  Be  sure 
to  report  in  each  case  what  was  rubbed,  what  you  rubbed  it  with,  whether  it  attracted  or 
repelled  each  of  the  hanging  charged  strips,  and  whether  you  think  it  has  a  positive  or  a 
negative  charge.  In  some  cases  you  may  be  uncertain  about  the  charge.  If  so,  report  that 
fact.  Make  the  data  sheet  as  neat  and  clear  as  possible. 

STEP  5  Charge  a  strip  of  vinyl  plastic  and  bring  it  near  some  small  bits  of  uncharged 
paper.  What  happens? 

Charge  a  strip  of  fiberglass  or  acetate  ribbon  and  bring  it  near  some  small  bits  of  un¬ 
charged  paper.  What  happens? 

Discussion 

1.  How  many  different  kinds  of  charge  have  you  discovered  in  this  experiment? 

2.  How  do  electric  charges  behave  toward  each  other? 

3.  How  do  electric  charges  affect  neutral  (uncharged)  material? 

4.  If  some  of  the  materials  you  tested  in  Step  4  attracted  both  kinds  of  hanging  charged 
strips,  what  conclusion  do  you  draw  about  the  charge  on  those  materials? 

5.  The  theory  that  scientists  use  to  account  for  the  behavior  of  charged  objects  is  this: 
All  matter  is  made  of  atoms.  Each  atom  has  a  positively  charged  nucleus  surrounded  by 
negatively  charged  electrons.  The  charge  of  the  electrons  is  exactly  equal  to  the  charge 
of  the  nucleus,  so  the  atom  as  a  whole  is  neutral.  The  electrons  are  much  lighter  than 
the  nucleus.  When  you  rub  two  materials  together,  some  of  the  electrons  from  around 
the  atoms  of  one  object  are  moved  to  the  other  object.  Only  the  electrons  move  in  this 
way,  not  the  nucleus.  Use  this  theory  to  explain  a)  how  the  vinyl  strips  obtained  their 
charge,  and  b)  how  the  fiberglass  or  acetate  ribbon  strips  obtained  their  charge. 

6.  If  you  bring  a  negatively  charged  rod  near  neutral  bits  of  paper,  what  effect  would  this 
charge  be  likely  to  have  on  electrons  in  the  neutral  paper?  Although  the  paper  as  a  whole 
would  remain  neutral,  what  kind  of  charge  would  tend  to  accumulate  on  the  side  of  the 
paper  away  from  the  rod?  What  kind  of  charge  would  the  paper  tend  to  have  on  the 
side  toward  the  rod?  What  kind  of  force  (attraction  or  repulsion)  would  exist  between 
the  rod  and  the  side  of  the  paper  nearest  the  rod? 

B.  THE  ELECTROSCOPE 

Procedure 

STEP  1  An  electroscope  (Fig.  1 1-2)  is  a  device  for  detecting  electric  charge,  somewhat 
like  your  hanging  strips.  You  can  charge  it  by  touching  the  knob  at  the  top  with  a  charged 
object.  Charge  the  electroscope  by  touching  it  lightly  with  a  charged  plastic  pen  or  rubber 
rod.  This  process  is  called  charging  by  conduction.  Warning:  If  you  put  too  much  charge 
on  the  electroscope,  you  may  rip  off  the  delicate  metal  leaves,  so  be  careful.  What  happens 
to  the  leaves  of  the  electroscope?  Is  your  electroscope  charged  positively  or  negatively? 
How  did  the  charge  get  from  the  knob  down  into  the  leaves?  What  kind  of  material  is  used 
to  make  the  knob  and  the  support  for  the  leaves?  Is  this  material  a  good  conductor  of 
charge  (a  conductor)  or  a  poor  conductor  of  charge  (an  insulator)? 

STEP  2  To  remove  the  charge  from  your  electroscope,  touch  the  knob  at  the  top.  Is  your 
body  a  conductor  or  an  insulator? 
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STEP  3  Charge  the  electroscope  so  that  the  leaves 
spread  only  part  of  the  way.  Bring  a  negatively  charged 
object  near  the  knob,  without  touching  the  knob.  What 
happens? 

Bring  a  positively  charged  object  near  the  knob,  with¬ 
out  touching  the  knob.  What  happens? 

Bring  an  object  that  has  not  been  rubbed  at  all,  and  is 
therefore  probably  uncharged,  near  the  knob  of  the 
electroscope,  without  touching  the  knob.  What  happens? 

STEP  4  Rub  one  end  only  of  a  plastic  pen  or  hard 
rubber  rod.  Test  that  end  with  the  electroscope,  and  then 
the  other  end.  What  do  you  observe?  Is  the  plastic  or 
rubber  a  conductor  or  an  insulator? 

STEP  5  Suspend  a  metal  rod  in  a  sling  attached  to  a 
string.  Charge  the  rod  at  one  end  by  touching  it  with  a 
charged  rubber  rod  or  plastic  pen.  Roll  the  charged  rod 
or  pen  around  on  the  surface  of  the  metal  to  get  a  sizable 
amount  of  charge  on  the  metal.  Bring  the  knob  of  the 
electroscope  near  each  end  of  the  metal  rod.  Is  the  metal 
rod  charged  at  one  end  only  or  at  both  ends?  Is  the  metal 
rod  a  conductor  or  an  insulator? 

STEP  6  This  experiment  must  be  performed  exactly  in  the  order  given  in  the  directions 
or  it  will  not  work,  a)  Charge  a  rubber  rod  or  plastic  pen  and  hold  it  in  one  hand,  b)  Put 
one  finger  of  the  other  hand  on  the  knob  of  an  uncharged  electroscope,  c)  Bring  the  charged 
rod  near  the  knob,  but  do  not  let  it  touch  the  knob,  d)  Take  away  your  finger  from  the 
knob,  e)  Take  away  the  rod  from  near  the  knob.  If  at  this  point  the  leaves  of  the  elec¬ 
troscope  spread  apart,  showing  that  there  is  a  charge,  you  have  done  the  experiment 
correctly.  Otherwise  repeat  the  steps. 

Is  the  charge  on  the  electroscope  positive  or  negative?  Answer  this  question  only  after 
you  have  tested  the  electroscope  in  some  way.  Describe  your  test  and  the  results.  This 
method  of  charging  is  called  charging  by  induction. 

Discussion 

1.  According  to  your  observations,  what  are  some  materials  that  are  good  insulators? 

2.  What  are  some  materials  that  are  good  conductors? 

3.  When  an  electroscope  is  charged  by  conduction,  does  it  have  the  same  charge  as  the 
rod  used  to  charge  it,  or  an  opposite  charge? 

4.  When  an  electroscope  is  charged  by  induction,  does  it  have  the  same  charge  as  the  rod 
used  to  charge  it,  or  an  opposite  charge? 

5.  Use  the  electron  theory  to  explain  how  the  electroscope  gets  a  negative  charge  by 
conduction. 

6.  Use  the  electron  theory  to  explain  how  the  electroscope  gets  a  positive  charge  by 
conduction. 


Fig.  1  1-2  An  electroscope 
detects  charge. 
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7.  Use  the  electron  theory  to  explain  how  the  electroscope  in  Step  B6  received  a  charge 
by  induction. 

8.  If  an  electroscope  has  a  positive  charge  with  the  leaves  partly  deflected,  what  should 
happen  to  the  leaves  when  you  bring  a  positively  charged  rod  near  the  knob  without 
touching  it?  Use  the  electron  theory  to  explain  your  answer. 

9.  Why  is  an  electroscope  a  better  device  for  detecting  the  nature  of  a  charge  than  the 
hanging  strips  you  used  in  Part  A  of  the  experiment? 

10.  During  the  experiment  with  the  uncharged  bits  of  paper,  you  may  have  noticed  that 
sometimes  a  piece  of  paper  first  clings  to  a  charged  object  and  then  suddenly  shoots  off. 
How  can  you  explain  this  phenomenon? 

11.  There  are  enough  electrons  in  a  silver  spoon  to  electrocute  more  than  two  thousand 
people.  Why  are  you  not  endangered  by  them? 

12.  Some  companies  experiment  with  “man-made  lightning”  to  find  ways  to  protect  power 
lines  and  buildings  from  real  lightning.  To  make  the  lightning,  they  put  a  very  large 
negative  charge  on  a  hollow  metal  ball  several  feet  in  diameter,  and  another  very  large 
positive  charge  on  a  second  ball.  The  balls  are  supported  by  insulators.  When  the 
charge  is  large  enough,  a  gigantic  spark  jumps  from  one  ball  to  the  other.  At  such  a 
time,  a  man  can  be  inside  one  of  the  balls  and  not  be  in  danger.  Why  is  this  possible? 

For  Further  Investigation 

1.  How  could  you  use  a  negatively  charged  rod  to  charge  by  induction  two  metal  rods  so 
that  one  of  them  has  a  positive  charge  and  the  other  a  negative  charge?  Try  out  your  idea 
to  see  whether  it  works. 

2.  How  can  you  prove  experimentally  that  the  inside  of  a  charged  metal  container  is  a 
safer  place  to  be  than  the  outside? 


The  Cloud  Chamber 
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Introduction 

If  air  is  saturated  with  water  vapor  and  then  cooled,  drops  of  water  usually  condense  out 
of  the  vapor.  Rain  is  formed  in  this  way.  However,  it  has  been  discovered  that  the  drops 
form  only  if  the  air  contains  particles  of  dust  or  ions,  either  of  which  serve  as  nuclei  around 
which  the  water  condenses.  If  the  air  has  no  such  particles,  it  can  be  cooled  below  the 
saturation  point,  and  there  will  be  no  drops.  In  such  a  case,  the  air  is  said  to  be  super¬ 
saturated. 

Now  suppose  that  a  high-speed  electron  suddenly  enters  some  supersaturated  air.  As  the 
electron  moves,  it  knocks  other  electrons  from  the  atoms  it  passes  and  lorms  a  string  of 
ions  along  its  path.  Immediately,  water  condenses  on  the  ions,  and  the  path  is  marked  by 
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a  line  of  tiny  drops.  If  you  are  watching  and  if  the  drops  are  property  illuminated,  you  will 
see  the  path  of  the  electron.  This  is  the  principle  of  the  operation  of  the  cloud  chamber. 
Of  course,  the  moving  particle  does  not  have  to  be  an  electron.  It  may  be  any  moving 
charged  particle  that  has  enough  energy  to  ionize  the  atoms  in  its  path. 

During  this  experiment  you  will  observe  the  tracks  made  by  various  charged  particles. 

Equipment 

Cloud  chamber  and  associated  equipment. 

Procedure 

STEP  1  Read  the  instructions  for  the  use  of  your  cloud  chamber  and  follow  them  carefully. 

STEP  2  Set  up  the  cloud  chamber  to  operate  without  any  radioactive  sample  inside  it. 
Watch  the  chamber  for  at  least  five  minutes  after  it  is  ready  to  operate.  Do  you  see  any 
tracks?  Make  drawings  to  show  what  you  see,  and  also  describe  the  tracks  in  words. 

STEP  3  Insert  various  radioactive  samples,  one  at  a  time.  After  you  insert  a  sample,  it 
may  take  several  minutes  before  the  chamber  is  again  ready  to  operate,  because  of  the  dust 
particles  that  enter  when  you  open  the  chamber.  Compare  the  tracks  formed  by  alpha 
particles  (positively  charged  helium  nuclei)  with  those  formed  by  beta  particles  (electrons). 
Use  words  and  drawings  to  record  your  observations. 

Discussion 

Particles  capable  of  ionizing  the  air  are  given  the  name  ionizing  radiation. 

1.  Do  you  conclude  from  this  investigation  that  there  is  always  ionizing  radiation  (called 
background)  in  the  air  around  you?  What  is  the  evidence  for  your  conclusion? 

2.  If  your  answer  to  the  first  question  was  “Yes,”  suggest  hypotheses  about  the  origin  of 
the  background  ionizing  radiation. 

3.  Which  tracks  were  quite  straight?  Which  were  very  crooked?  Suggest  a  hypothesis  to 
account  for  the  differences. 

4.  What  kind  of  radiation  creates  the  largest  number  of  ions  per  centimeter  of  its  path 
length?  What  is  the  evidence  for  your  answer?  Suggest  a  hypothesis  to  account  for 
this  observation. 

5.  Did  you  observe  any  tracks  that  suddenly  changed  direction  or  forked,  as  in  Fig.  12-1? 

If  you  did,  suggest  a  hypothesis  to  account  for  this? 
Fia  12-1  thp  6.  Background  radiation  was  discovered  early  in  the  20th 


Fig.  12-1  Sometimes  the 
tracks  in  a  cloud  chamber 
look  like  these. 


century,  and  its  origin  has  been  investigated  ever  since. 
Suggest  some  ways  in  which  your  hypotheses  about  its 
origin  might  be  tested.  You  may  suggest  experiments 
that  would  be  impossible  for  you  to  perform  yourself 
but  that  someone  else  with  better  equipment  might 
perform. 


7.  If  you  could  put  your  cloud  chamber  between  the  poles 
of  a  powerful  magnet  (more  powerful  than  any  you 
are  likely  to  have  in  your  laboratory)  the  track  of  a 
charged  particle  would  be  bent  into  an  arc  of  a  circle. 
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If  you  have  the  north  pole  of  such  a  magnet  above  the  cloud  chamber  and  the  south  pole 
below  it,  negative  particles  (as  seen  from  above)  will  travel  in  a  clockwise  arc,  and  posi¬ 
tive  ones  will  travel  in  a  counterclockwise  arc.  How  could  such  a  magnet  be  used  to 
tell  which  are  alpha  particles  and  which  are  beta  particles? 

8.  “Cloud  seeding”  has  been  tried  as  a  method  to  produce  rain.  What  do  you  think  the 
term  means?  How  does  cloud  seeding  resemble  the  operation  of  a  cloud  chamber? 

INVESTIGATION 

Background  Radiation 


Introduction 


Light  and  heat  from  the  sun  are  forms  of  radiation;  so  are  radio  waves,  cosmic  rays, 
x-rays,  and  the  rays  from  radioactive  substances.  These  last  three  are  called  ionizing 
radiation  because  they  have  enough  energy  to  ionize  atoms.  A  small  amount  of  ionizing 
radiation  (largely  due  to  cosmic  rays)  is  always  present  at  the  surface  of  the  earth.  It  is 
called  background  radiation.  In  this  investigation  you  will  measure  the  background  radi¬ 
ation  in  your  laboratory. 

Figure  13-1  shows  the  design  of  a  Geiger-Muller  tube  (sometimes  called  a  Geiger  tube). 
The  wire  down  the  center  of  the  gas-filled  tube  is  highly  positive  compared  with  the  metal 
casing,  but  not  quite  positive  enough  to  allow  electrons  to  jump  across  from  the  casing. 
The  “window”  of  the  tube  is  a  thin  sheet  of  metal.  If  a  high-speed  electron  hits  the  window, 
it  will  go  through,  ionizing  the  gas  inside  the  tube.  Negative  ions  are  attracted  to  the  wire, 
where  they  give  up  electrons  and  are  neutralized.  Positive  ions  are  attracted  to  the  casing, 
where  they  collect  electrons  and  are  neutralized.  As  a  result,  electrons  flow  into  the  rest  of 
the  circuit  from  the  wire  in  the  G-M  tube,  and  flow  away  from  the  rest  of  the  circuit  into  the 
casing.  The  flow  lasts  only  a  very  short 

Fig.  1  3-1  Geiger-Muller  tube  (cross- 
sectional  view). 


time.  In  the  counter  that  you  will  be 
using,  this  sudden  surge  of  electrons 
causes  a  click  in  the  earphones  or 
speaker.  The  tube  is  so  designed  that 
all  of  the  ions  formed  by  the  entrance 
of  one  particle  are  neutralized  in  about 
10-4  sec,  after  which  the  circuit  is 
ready  for  the  next  particle.  By  count¬ 
ing  the  clicks,  you  can  tell  how  many 
particles  have  entered  the  tube  in  a 
certain  period  of  time. 

Ionization  of  the  gas  can  be  caused 
by  alpha  particles,  beta  particles,  or 
gamma  photons.  The  window  of  your 


wires  connecting  the  tube 
d  to  a  high-voltage  source 


cylindrical  metal  casing 


insulation 


thin  metal  “window”  through 
which  particles  enter  the  tube 
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tube  is  probably  too  thick  to  allow  alpha  particles  to  enter,  in  which  case  your  tube  is  used 
to  measure  beta  and  gamma  radiation.  While  most  of  the  beta  and  gamma  radiations  enter 
through  the  window,  some  may  also  penetrate  the  sides  of  the  tube. 

Background  radiation  is  slight  enough  so  that  you  can  listen  to  the  separate  clicks  and 
count  them.  If  you  bring  a  sample  of  a  radioactive  material  near  the  counter,  the  clicks 
come  too  fast  for  you  to  tell  them  apart.  For  this  reason  your  counter  may  have  to  register 
counts  per  minute  (c/m).  In  this  experiment  you  will  count  the  clicks  in  each  10-sec  interval 
for  a  20-min  period.  Your  purpose  will  be  to  measure  the  average  background  radiation  in 
c/m  and  to  decide  how  long  you  ought  to  count  in  order  to  determine  a  reliable  average. 

Equipment 

G-M  (Geiger-Muller)  counter  that  produces  audible  clicks;  watch  or  clock  with  a  second 
hand. 

Procedure 

STEP  1  Read  the  operating  instructions  for  the  Geiger-Muller  counter.  These  should  be 
in  a  booklet  supplied  by  the  manufacturer  or  your  teacher  may  prefer  to  explain  them  to 
you.  Record  in  your  Data  Book  the  type  of  counter  used  and  the  kind  of  radiation  meas¬ 
ured  by  your  counter. 

STEP  2  Listen  for  the  clicks,  which  tell  you  that  particles  are  entering  the  tube.  Practice 
counting  the  number  of  clicks  in  a  10-sec  interval.  Repeat  several  times  to  gain  skill  in 
counting. 

STEP  3  Appoint  one  member  of  the  group  to  be  the  clock-watcher.  Set  up  a  data  sheet 
as  shown.  The  clock-watcher  says,  “Now,”  as  he  begins  to  watch,  and  repeats  the  word, 
“Now,”  at  the  end  of  every  10  sec.  Count  the  clicks  you  hear  in  each  10-sec  period  and 


MEASUREMENT  OF  BACKGROUND  RADIATION  WITH 
GEIGER-MULLER  COUNTER 


Minute 

No. 

Counts  in  each  1  0-sec  interval 

c/m 

1 

2 

etc. 

to 

20 

Total  count  in  20  min 
Average  c/m 
(For  the  average  c/m, 
record  one  digit  after 
the  decimal  point.) 
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record  the  number  on  your  data  sheet  in  pencil.  It  is  not  necessary  to  count  steadily  for 
20  min.  Rest  periods  can  be  taken,  after  which  the  counting  is  resumed.  Have  one  person 
read  his  data  out  loud.  If  there  is  disagreement  about  how  many  clicks  should  be  recorded 
for  a  particular  interval,  the  verdict  of  the  majority  is  probably  correct. 

STEP  4  You  probably  can  observe  that  the  values  in  the  c/m  column  vary  considerably. 
What  is  the  highest  value  in  that  column;  the  lowest? 

STEP  5  Suppose  that  your  average  is  16.3  c/m.  Ten  percent  of  16.3  is  approximately  1.6. 
Therefore  any  value  between  14.7  (16.3  -  1.6)  and  17.9  (16.3  +  1.6)  would  be  within  10% 
of  the  final  average.  Perform  a  similar  calculation  for  your  average.  How  many  of  the  values 
in  the  c/m  column  are  within  10%  of  the  final  average? 

STEP  6  From  the  calculations  you  did  in  Step  5,  you  can  see  that  a  1-minute  count  is  not 
very  reliable.  A  reliable  average  should  probably  not  differ  from  an  average  over  a  longer 
period  of  time  by  more  than  2%.  How  long  should  you  count  to  get  a  reliable  average? 
There  are  several  ways  in  which  you  might  use  your  data  to  answer  this  question.  Use  the 
extra  columns  on  your  data  sheet  if  you  wish.  Describe  clearly  the  method  you  use  to 
answer  the  question. 

STEP  7  Cautiously  bring  a  luminous-dial  watch  toward  the  G-M  tube.  (If  you  bring 
it  too  close,  the  needle  of  the  tube  may  go  off  the  end  of  the  scale.)  If  possible  with  your 
equipment,  determine  the  c/m  for  the  watch  dial.  Compare  the  c/m  from  the  face  of  the 
watch  with  that  from  the  back,  through  the  case.  What  is  the  effect  of  the  case? 

Discussion 

1.  To  get  a  reliable  average  count,  how  long  do  you  recommend  counting?  Give  reasons 
for  your  answer. 

2.  When  events  like  these  clicks  happen  in  an  irregular  way,  with  no  particular  pattern 
about  them,  they  are  called  random  events.  To  investigate  random  events,  a  scientist 
observes  what  he  calls  a  sample.  In  this  experiment  your  basic  sample  was  a  count  for 
10  sec.  Six  of  these  basic  samples  are  combined  to  make  a  1-min  sample.  Your  whole 
experiment  was  a  20-min  sample.  What  effect  does  the  size  of  a  sample  have  on  the 
reliability  of  the  information  you  can  obtain  from  it? 

3.  Compare  the  c/m  for  the  watch  with  the  background  c/m.  Is  the  background  danger¬ 
ously  high? 

4.  If  you  use  the  counter  to  test  a  sample  that  sends  100,000  particles  per  sec  into  the  G-M 
tube,  how  would  the  tube  behave? 

5.  Why  can  gamma  rays,  which  are  essentially  like  light  rays  with  very  short  wavelength, 
be  counted  by  a  G-M  counter? 

6.  Some  radioactive  samples  are  tested  with  the  following  results? 

Sample  A:  100  c/m 

Sample  B:  200  c/m 

Background:  20  c/m 

Compare  the  strengths  of  the  two  samples. 


L  40 


INVESTIGATION  14 


7.  When  the  school  bell  rings  at  the  end  of  the  day,  it  is  possible  to  predict  with  considerable 
certainty  that  in  a  very  short  time  children  will  be  pouring  out  of  the  building.  However, 
it  is  not  possible  to  predict  with  much  certainty  that  Mary  Jones  will  be  one  of  the  crowd. 
She  might  have  been  kept  after  school,  or  she  may  be  staying  for  an  activity,  or  she 
might  have  gone  home  early  because  she  was  sick.  How  are  the  certainty  about  the 
action  of  the  children  as  a  whole  and  the  uncertainty  about  Mary’s  action  in  particular 
like  the  situation  in  the  experiment  you  have  just  concluded? 

8.  Wearing  a  luminous-dial  wrist  watch  is  usually  not  considered  to  be  dangerous,  but 
many  experts  believe  that  there  is  danger  in  using  a  luminous-dial  pocket  watch.  Why? 

For  Further  Investigation 

1.  Make  a  frequency  distribution  for  the  counts  you  obtained  for  the  10-sec  intervals. 
To  do  this,  find  how  many  times  the  count  was  0,  how  many  times  it  was  1,  2,  3,  etc. 
Make  a  bar  graph  of  the  distribution.  Let  the  y-axis  represent  the  number  of  the  count. 
Do  the  individual  counts  tend  to  be  distributed  uniformly,  or  are  some  values  more 
likely  to  turn  up  than  others?  How  are  these  values  related  to  the  average  c/m  obtained 
earlier?  Is  the  graph  symmetrical,  or  are  values  greater  at  one  side  of  the  graph  than  at 
the  other? 

2.  You  might  like  to  keep  a  record  of  background  count  over  a  period  of  days  or  weeks,  to 
see  whether  or  not  it  remains  constant.  If  it  does  not,  suggest  reasons  for  the  variation. 
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Introduction 

Protection  from  ionizing  radiation  is  provided  by  shielding.  Lead,  concrete,  and  water 
are  examples  of  materials  used  for  shielding.  However,  any  material,  even  air,  can  be 
effective  as  a  shield  if  you  have  a  thick  enough  slice  of  it.  Without  the  miles  of  air  surround¬ 
ing  the  earth,  the  background  count  due  to  cosmic  rays  would  probably  be  high  enough  to 
be  dangerous. 

How  does  the  amount  of  radiation  that  gets  through  a  shield  vary  as  the  shield  is  made 
thicker?  Certainly  it  should  decrease,  but  is  the  decrease  in  amount  of  radiation  the  same 
whenever  you  add  a  certain  thickness  of  shield?  If  the  answer  to  this  question  is  “Yes,” 
then  you  would  get  a  straight-line  graph  when  you  plot  thickness  against  radiation.  Your 
problem  is  to  find  whether  the  relationship  is  graphed  as  a  straight  line  or  as  a  curve. 
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Equipment 

G-M  counter  with  a  dial  that  registers  counts  per  minute  (c/m)  or  milliroentgens  per 
hour  (mr/hr);  or  a  scaler  that  records  counts  for  a  preset  time;  luminous-dial  watch; 
cardboard  backing  from  a  school  pad. 

Procedure 

STEP  1  You  will  want  to  measure  the  radiation  from  the  face  of  a  luminous-dial  watch 
either  in  c/m  or  in  some  other  measure.  If  your  counter  has  a  movable  pointer  on  a  scale, 
it  may  read  in  milliroentgens  per  hour  (mr/hr).  A  roentgen  is  a  measure  of  the  ability  of 
radiation  to  ionize  air.  Either  c/m  or  mr/hr  can  be  used  to  tell  how  much  radiation  is 
reaching  the  G-M  tube.  Examine  your  counter  to  determine  the  unit  in  which  you  will 
measure  radiation.  Record  in  your  Data  Book  the  type  of  counter  used,  including  the 
model  number. 

STEP  2  Read  instructions  for  operating  the  counter  and  set  it  into  operation. 

STEP  3  The  plan  is  to  keep  the  watch  dial  and  the  G-M  tube  a  fixed  distance  apart  and 
then  to  determine  the  amount  of  radiation  ( R )  reaching  the  tube  when  the  shielding  is 
0,  1,2,  3,  4,  5  or  more  thicknesses  ( t )  of  cardboard.  Finding  the  proper  fixed  distance 
differs  for  a  counter  with  a  movable  pointer  and  for  a  scaler. 

If  you  use  a  counter  with  a  movable  pointer ,  notice  that  there  are  several  ranges.  Start  with 
the  highest  range  (probably  X  100,  which  means  that  whatever  the  scale  says  must  be 
multiplied  by  100).  Bring  the  watch  near  the  window  of  the  G-M  tube  and  note  how  close 
it  must  be  to  send  the  needle  nearly  across  the  scale.  If  there  is  less  than  an  inch  of  space 
between  the  watch  and  the  G-M  tube,  use  a  lower  scale.  Set  the  watch  and  G-M  tube  in 
such  a  position  that  a)  the  needle  deflects  nearly  across  the  dial;  b)  the  needle  does  not 
fluctuate  wildly  (although  it  will  fluctuate  more  than  you  might  wish  it  would);  and  c)  there 
is  at  least  an  inch  of  space  between  the  watch  and  the  G-M  tube.  Record  the  scale  setting 
you  are  using. 

If  you  use  a  scaler,  set  the  watch  at  a  distance  between  1  and  2  inches  from  the  window 
in  the  G-M  tube. 

Once  you  have  found  the  proper  fixed  distance,  do  not  change  the  distance  between  the 
watch  and  the  G-M  tube  during  the  investigation. 

STEP  4  Set  up  a  data  sheet  and  make  your  measurements.  Note  the  following: 

If  you  are  using  a  counter  with  a  movable  pointer,  the  pointer  will  fluctuate.  Make  the  best 
estimate  you  can  of  the  average  around  which  the  pointer  is  fluctuating.  After  you  have 
recorded  measurements  for  all  of  the  different  thicknesses  of  cardboard,  make  a  second  set 
of  measurements  to  improve  the  accuracy  of  the  estimate.  Calculate  and  record  the  average 
of  the  two  readings. 

If  you  are  using  a  scaler,  experiment  a  bit  to  decide  how  long  it  should  count  to  give  you  a 
reliable  figure. 

STEP  5  Graph  your  data.  Decide  which  variable  (R  or  t )  is  the  independent  variable  and 
put  it  on  the  x-axis. 
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Discussion 

1.  Is  the  relationship  between  thickness  of  the  shielding  and  the  amount  of  radiation  that 
gets  through  the  shielding  a  straight-line  one?  Before  answering  this  question,  hold  the 
graph  in  a  horizontal  position  slightly  below  the  eye  level  and  sight  along  the  data  points. 
Are  the  points  distributed  at  random  along  what  seems  to  be  a  straight  line,  or  is  there  a 
regular  curvature? 

2.  In  order  to  get  the  true  value  for  the  radiation  reaching  the  counter  from  the  watch  dial, 
you  should  subtract  the  background  reading  from  the  counter  reading.  Why  was  it  not 
necessary  to  do  this  in  this  experiment? 

3.  Why  does  the  movable  pointer  fluctuate? 

4.  When  you  did  Investigation  13,  you  found  that  it  takes  a  long  time  to  get  a  reliable  back¬ 
ground  count.  Why  does  it  take  less  time  to  get  a  reliable  count  when  the  amount  of 
radiation  is  much  greater,  as  is  the  case  with  the  watch  dial? 

5.  With  some  scalers,  you  can  set  the  instrument  to  show  the  length  of  time  it  takes  to  count 
a  certain  number  of  entering  particles  (256,  for  example).  How  might  this  sometimes  be 
an  advantage  over  using  the  instrument  to  show  the  number  of  counts  in  1.00  minute? 

6.  Do  your  data  give  you  any  clues  to  the  amount  of  shielding  necessary  to  cut  out  all 
radiation? 

For  Further  Investigation 

1.  Attempt  to  determine  the  equation  that  describes  the  curve  obtained  when  you  graphed 
your  data.  Use  the  method  described  under  For  Further  Investigation  on  page  18.  Be 
sure  that  the  variable  you  change  is  the  dependent  one.  When  you  succeed  in  making 
a  straight-line  graph,  its  equation  will  be  in  the  form  y  =  mx  +  k,  where  y  is  the  de¬ 
pendent  variable  (in  its  changed  form),  m  is  the  slope  of  the  line,  x  is  the  independent 
variable,  and  k  is  the  y-value  where  the  line  crosses  the  axis. 

2.  If  the  thickness  of  a  shield  were  measured  in  meters  or  centimeters  or  feet,  it  would 
standardize  the  procedure  to  a  certain  extent.  However,  the  shielding  effect  of  1  cm  of 
lead  is  quite  different  from  the  shielding  effect  of  1  cm  of  paper.  In  order  to  compare  the 
effect  of  placing  equal  masses  of  shielding  between  a  radiation  source  and  a  counter, 
physicists  invented  a  new  kind  of  measure  of  thickness,  the  milligram  per  square  centi¬ 
meter  (mg/cm2).  Suppose  you  have  a  shield  that  is  1  mm  thick.  You  mark  out  a  square 
on  the  front  of  the  shield  that  has  1  cm  on  a  side.  Now  you  cut  a  square  through  the 
shield,  from  front  to  back,  that  has  the  1  cm2  square  at  one  end  and  another  1  cm2 
square  at  the  other  end.  If  the  chunk  weighs  1  mg,  then  the  thickness  of  the  shield  is 
1  mg/cm2.  If  another  shield,  also  1  mm  thick,  is  treated  in  the  same  way  and  the  chunk 
weighs  5  mg,  then  its  thickness  (for  radiation  shield  purposes)  is  5  mg/cm2. 

Repeat  the  investigation  of  shielding,  using  a  variety  of  materials.  Try  such  things 
as  sheets  of  aluminum  foil,  flat  sheets  of  other  metals,  and  glass.  In  each  case,  use  a 
material  for  which  it  is  possible  for  you  to  determine  the  mass  of  a  piece  with  a  surface 
area  of  1.00  cm2.  Of  course,  you  can  do  this  by  weighing  a  rectangular  piece  of  the 
material  and  dividing  by  the  area.  Graph  R  against  thickness  in  mg/cm2,  with  values  for 
all  of  the  different  materials  recorded  on  the  same  graph.  Discuss  the  results. 
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Introduction 

If  two  or  more  forces  act  on  the  same  object,  what  is  the  result?  Here  are  three  examples. 
Guess  at  the  answers.  There  is  no  penalty  for  incorrect  guesses.  The  answer  you  give  in 
each  case  is  called  the  “resultant.”  a)  Two  boys  pull  on  a  cart,  as  shown  in  Fig.  15-la. 
What  is  the  total  force?  Give  both  magnitude  and  direction,  b)  The  two  boys  pull,  as  shown 
in  Fig.  15-lb.  What  is  the  total  force?  Give  both  magnitude  and  direction,  c)  The  two 
boys  pull,  as  shown  in  Fig.  15-lc.  What  is  the  total  force?  You  may  not  be  able  to  answer 
this  question  as  precisely  as  the  others.  Make  a  reasonable  guess  about  magnitude  and 
direction. 

The  first  two  of  these  situations  are  easy,  but  the  third  one  is  more  complicated.  It  is  the 
purpose  of  this  investigation  to  explore  the  third  situation. 


Fig.  15-1  What  is  the  resultant  in  each  of  these  situations? 


Equipment 

For  each  group  of  students:  2  spring  balances;  nylon  fish  line;  known  weight;  support  for 
suspending  the  apparatus  of  Fig.  15-3. 

Procedure 

Before  you  start  your  investigation,  answer  the  questions  in  this  section  and  be  sure  your 
answers  are  correct. 

a)  For  Fig.  15-la  you  probably  wrote  that  the  total  force  is  25  lb  to  the  right.  If  the  two 
boys  stop  pulling,  but  another  boy  takes  their  place  and  pulls  to  the  right  with  a  single 
force  of  25  lb,  the  cart  will  move  in  exactly  the  same  way  as  when  the  two  boys  were 
on  the  job.  The  resultant  is  the  single  force  that  produces  the  same  effect  as  the  combi¬ 
nation  of  the  other  two  forces.  In  Fig.  15-lb  what  are  the  magnitude  and  direction 
of  the  resultant? 

b)  Now  go  back  to  the  situation  of  Fig.  15-la,  with  two  boys  pulling  on  the  cart.  Suppose 
that  you  want  to  balance  the  situation  by  adding  a  third  force  that  will  exactly  cancel 
out  the  other  two.  You  could  have  a  third  boy  puli  toward  the  left  with  a  force  of  25  lb. 
This  force  is  called  the  equilibrant.  The  equilibrant  is  equal  in  size  to  the  resultant,  but 
opposite  in  direction.  In  Fig.  15— lb  what  are  the  magnitude  and  direction  ot  the 
equilibrant? 
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c)  When  you  add  an  equilibrant  to  a  group  of  forces  acting 
on  an  object,  then  the  object  is  in  equilibrium.  In  the  case 
of  the  boys  and  the  cart,  if  a  third  boy  supplies  the 
equilibrant  (25  lb  to  the  left),  the  cart  cannot  start  to 
move.  When  you  have  a  group  of  forces  acting  on  an 
object  and  the  object  does  not  move,  any  one  of  the 
forces  is  the  equilibrant  of  all  the  other  forces.  For 
example,  suppose  that  five  forces  are  pulling  on  a  ring,  as 
shown  in  Fig.  15-2,  and  the  ring  does  not  move.  The 
length  of  each  arrow  is  proportional  to  the  magnitude  of 
the  force.  Any  one  of  these  forces  can  be  called  the 
equilibrant  of  the  other  four.  A  is  the  equilibrant  of  B , 
C,  D,  and  E.  What  is  the  equilibrant  of  E,  A,  B,  and  C? 

d)  Trace  Fig.  15-2  and  draw,  on  the  diagram,  the  resultant 
of  A,  C,  D,  and  E  all  combined.  Label  it.  Reread  the 
statement  about  the  equilibrant  if  necessary  before  you 
make  your  drawing. 

Any  quantity  that  has  both  magnitude  and  direction  is  called  a  vector.  Vectors  are 
represented  in  drawings  by  arrows.  The  arrow  is  drawn  in  the  direction  of  the  vector, 
and  its  length  represents  the  magnitude  of  the  vector.  In  Fig.  15-2  which  vector  has 
the  greatest  magnitude?  Which  has  the  smallest  magnitude? 

The  forces  illustrated  in  Fig.  15-2  are  called  concurrent  forces  because  if  you  extend 
the  lines  of  the  vectors  they  all  intersect  at  the  same  point.  Extend  the  lines  in  your 
copy  of  Fig.  15-2  to  show  that  the  forces  are  concurrent.  Now  show  that  the  forces 
in  Fig.  15-lc  are  concurrent. 


Fig*  15-2  The  ring  is  in 
equilibrium  when  pulled  by 
the  five  forces  shown  here. 


e) 


STEP  1  Support  a  known  weight  with  two  strings,  each  connected  to  a  spring  balance,  as 
shown  in  Fig.  15-3.  Do  not  have  both  balances  suspended  at  the  same  height. 


Fig.  1  5-3  Set  up  your  equip¬ 
ment  in  this  manner. 


STEP  2  At  the  point  where  the  strings  are  attached  to  each 
other,  three  forces  are  acting.  The  directions  of  the  forces 
are  the  same  as  the  directions  of  the  strings.  Put  a  dot  near 
the  center  of  a  blank  sheet  of  paper.  Hold  the  paper  behind 
the  three  strings,  with  the  dot  exactly  behind  the  point  where 
the  strings  intersect.  Make  a  dot  below  the  outer  edge  of 
each  string.  Take  the  paper  down  and  draw  very  lightly  in 
pencil  the  three  lines  from  the  point  of  intersection.  Hold  up 
the  paper  behind  the  apparatus  again  to  see  whether  the 
lines  are  correctly  drawn.  If  they  are  not,  correct  them,  and 
again  check  your  accuracy.  The  directions  must  be  very 
accurately  located. 

STEP  3  The  size  of  the  downward  force  is  equal  to  the 
size  of  the  known  weight.  The  other  forces  can  be  read  from 
the  spring  balances.  Record  the  size  of  each  force  on  the 
proper  line  in  your  diagram. 
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STEP  4  Adopt  a  convenient  scale  of  distances  (for  example,  1  cm  =  5  g).  Select  a  scale 
that  will  use  most  of  the  available  paper  without  running  off  it  at  any  point.  Using  this 
scale,  make  each  of  the  lines  on  your  paper  the  proper  length.  At  the  outer  end  of  each  line 
put  an  arrowhead,  as  was  done  in  Fig.  15-2. 

STEP  5  Choose  one  of  the  forces  to  be  equilibrant  of  the  other  two.  Label  it  “Equili- 
brant.”  Then  draw  the  line  that  represents  the  resultant  of  the  other  two.  Label  it  “Re¬ 
sultant.” 

STEP  6  Draw  lines  from  the  outer  tip  of  the  resultant  to  the  tips  of  the  other  two  forces. 

STEP  7  Place  another  paper  behind  your  apparatus  and  repeat  the  procedure  with  a 
different  force  as  the  equilibrant. 

STEP  8  Make  a  scale  drawing  to  find  the  resultant  for  Fig.  15— lc.  Compare  the  answer 
with  your  original  guess. 

Discussion 

1.  How  does  the  direction  of  the  resultant  compare  with  the  directions  of  the  two  forces 
of  which  it  is  the  resultant? 

2.  What  kind  of  geometrical  figure  did  you  draw  in  Step  6?  In  this  figure  what  geometrical 
name  is  given  to  the  line  that  represents  the  resultant? 

3.  How  can  the  size  and  direction  of  the  resultant  of  two  concurrent  forces  be  found  by 
using  a  scale  drawing? 

4.  How  do  you  know  that  the  directions  of  the  forces  correspond  to  the  directions  of  the 
strings? 

5.  Would  it  be  satisfactory  to  compute  the  lengths  of  the  supporting  force  vectors  from 
the  lengths  of  the  strings  rather  than  from  the  readings  of  the  spring  balances?  Give 
reasons  for  your  answer. 

6.  What  is  the  advantage  of  selecting  a  scale  of  distances  as  large  as  the  paper  permits? 

7.  When  two  or  more  forces  are  acting  in  the  same  or  in  opposite  directions,  they  can  be 
added  or  subtracted  according  to  the  familiar  rules  of  arithmetic.  Is  this  special  case 
an  exception  to  the  rules  for  adding  forces  that  you  have  discovered  in  this  experiment? 
Give  reasons  for  your  answer. 

8.  Why  must  every  stationary  object  either  have  no  force  acting  on  it  or  a  minimum  of 
two  forces? 

9.  If  two  forces  act  at  right  angles  to  each  other,  they  can  be  added  by  using  a  scale  draw¬ 
ing,  as  you  have  done  in  this  experiment.  From  your  knowledge  of  geometry,  can  you 
think  of  any  other  way  to  perform  this  addition?  Describe  your  method. 

10.  How  could  you  add  four  forces  acting  at  the  same  point,  as  shown  in  Fig.  15-4 
on  the  next  page?  Modify  the  method  you  used  for  two  vectors. 

11.  Vectors  can  also  be  added  by  placing  them  “head  to  tail”  in  chain  fashion.  This  method 
is  illustrated  in  Fig.  15-5.  Can  you  show  that  this  method  produces  the  same  result  as 
the  method  you  used  in  the  preceding  question?  Which  method  is  easier  when  you 
have  more  than  two  vectors  to  be  added,  the  parallelogram  method  or  the  “head-to- 
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Fig.  15-4  How  can  you  find  the  Fig.  15-5  Another  way  to  add 

resultant  of  these  forces?  vectors. 

tail”  method?  For  either  method,  does  the  order  in  which  you  take  the  vectors  make 
any  difference  in  the  result? 

For  Further  Investigation 

Repeat  the  experiment  with  three  or  four  supporting  strings  instead  of  two. 


I  NVESTIGATION 


Equilibrium  with  Parallel  Forces 


Introduction 

If  two  men  pull  with  equal  force  at  opposite  sides  of  a  box,  as  shown  in  Fig.  16-la,  the 
box  does  not  start  to  move  because  the  forces  are  in  equilibrium.  However,  if  they  pull  at 
the  corners,  as  shown  in  Fig.  16-lb,  the  box  will  rotate  until  it  is  in  the  position  of  Fig. 
16-lc.  In  all  three  cases  the  force  to  the  right  is  exactly  equal  to  the  force  to  the  left.  Why 
is  there  equilibrium  in  a  and  c,  but  not  in  b?  It  is  the  purpose  of  this  investigation  to  explore 
situations  in  which  unbalanced  forces  produce  rotation. 

In  Investigation  15  you  dealt  with  equilibrium  when  the  forces  were  concurrent.  In  a  and 
c  of  Fig.  16-1,  the  forces  are  concurrent;  in  b  they  are  parallel.  A  good  way  to  investigate 
parallel  forces  is  to  hang  objects  from  a  suspended  meter  stick.  Since  the  earth  pulls  all  of 
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Fig.  16-1  The  two  20-lb  forces  produce  equilibrium  in  a  and  c,  but  not  in  b. 


the  objects  downward,  the  weights  are  parallel  forces.  In  the  first  part  of  the  experiment 
you  will  be  following  some  rather  exact  instructions  about  what  weights  to  use,  how  to  hang 
them,  and  how  to  record  the  data.  Then,  examining  the  data,  you  will  look  for  a  law  that 
tells  how  equilibrium  can  be  produced  by  parallel  forces.  Next,  you  will  set  up  a  hypothesis 
about  the  law.  When  you  have  a  hypothesis,  you  must  test  it  in  new  situations  to  decide 
whether  to  accept  it  or  reject  it.  Therefore  the  later  parts  of  the  experiment  will  consist  of 
experiments  you  yourself  design  to  test  your  hypothesis. 

Equipment 

Meter  stick;  suspension  clamp  for  meter  stick  if  available;  fish  line;  sticky  tape;  set  of 
weights;  an  object  of  unknown  weight  that  can  be  easily  suspended;  laboratory  balance. 

A.  EQUILIBRIUM  WITH  TWO  PARALLEL  FORCES 

Procedure 

STEP  1  Suspend  a  meter  stick  by  a  suspension  clamp  so  that  it  balances.  If  a  suspension 
clamp  is  not  available,  use  a  loop  of  fine  cord  and  tape  it  in  position  on  the  meter  stick. 
The  meter  stick  may  not  balance  at  the  exact  center.  Record  in  your  Data  Book  to  the 
nearest  0.01  cm  the  position  at  which  the  meter  stick  does  balance.  By  suspending  the 
meter  stick  at  its  balance  point,  you  arrange  things  so  that  the  weight  of  the  meter  stick 
itself  cannot  be  a  cause  of  rotation  and  can  therefore  be  ignored  during  the  rest  of  the 
experiment. 

You  are  now  going  to  hang  weights  at  various  places  along  the  meter  stick  to  produce 
balance.  Each  time  you  produce  balance,  you  must  record,  to  the  nearest  0.01  cm,  the 
position  of  each  weight.  You  can  keep  this  record  in  chart  form,  or  you  can  make  a  simpli¬ 
fied  drawing  of  the  meter  stick  and  record  your  findings  there,  as  shown  in  Fig.  16-2. 

STEP  2  Hang  a  100-gf  weight  40.0  cm  to  the  right  of  the  balance  point  and  tape  the  cord 
in  place.  This  weight  causes  the  meter  stick  to  rotate  in  a  clockwise  direction.  Balance  it  by 
suspending  a  second  100-gf  weight  to  the  left  of  the  balance  point.  Record  the  position  of 
the  second  weight  on  the  data  sheet  and  calculate  its  distance  from  the  balance  point. 
This  distance  is  called  the  lever  arm. 

STEP  3  Replace  the  100-gf  weight  on  the  right  by  a  50-gf  weight  taped  in  the  same  posi¬ 
tion.  The  stick  will  turn  in  a  counterclockwise  direction.  Move  the  100-gf  weight  on  the  left 
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18.48  cm 

89.83  cm 

49.83 

cm 

W  100  gf 


Fig.  16-2  Data  can  be  recorded  by  making  diagrams  like  this  one. 


until  the  stick  again  balances.  Record  the  positions  of  the  weights  on  your  data  sheet  and 
calculate  the  lever  arm  for  the  100-gf  weight. 

STEP  4  Replace  the  100-gf  weight  on  the  right  by  a  25-gf  weight  taped  in  the  same  posi¬ 
tion.  Move  the  left-hand  weight  until  the  stick  balances.  Record  the  positions  of  the  weights 
on  the  data  sheet  and  calculate  the  lever  arm  for  the  100-gf  weight. 

STEP  5  Examine  your  data  for  signs  of  a  law  describing  the  balanced  situations  that  you 
have  been  investigating.  State  your  hypothesis  about  the  law  in  your  Data  Book  and  label 
it  “Hypothesis.”  Test  the  hypothesis  by  setting  weights  in  new  positions  that  should  pro¬ 
duce  balance  if  your  hypothesis  is  true.  Record  the  data  below  the  statement  of  the  hypothe¬ 
sis  to  show  how  you  tested  the  hypothesis.  Below  the  data  state  whether  or  not  the  weights 
did  produce  balance. 

A  good  scientist  keeps  a  record  of  his  failures  as  well  as  his  successes  because  they  help 
him  to  make  better  hypotheses.  In  1957  C.  N.  Lee  and  T.  D.  Yang  won  a  Nobel  Prize  in 
physics  for  an  experiment  that  demonstrated  that  a  hypothesis  that  scientists  had  thought 
to  be  a  good  one  was  really  not  true.  (The  hypothesis  had  to  do  with  conservation  of  parity, 
a  concept  used  in  advanced  nuclear  physics.)  It  is  possible  that  your  first  hypothesis  may 
not  pass  the  test.  Even  so,  it  should  be  recorded  as  part  of  your  report.  Make  several  tests, 
until  you  are  sure  that  you  have  the  correct  law.  Use  additional  pages  if  necessary,  to  make 
a  record  of  all  attempts. 

Discussion 

What  is  the  law  for  equilibrium  with  two  parallel  forces?  Using  data  from  the  experi¬ 
ments  you  set  up  to  test  the  hypothesis,  show  the  calculations  used  to  support  your 
conclusion. 


B.  EQUILIBRIUM  WITH  MORE  THAN  TWO  PARALLEL  FORCES 


Procedure 

STEP  1  Invent  a  way  to  apply  your  law  when  you  have  more  than  two  weights.  For 
example,  you  might  have  a  100-gf  weight  on  the  left  and  two  weights  on  the  right,  one  of 
50  gf  and  the  other  of  25  gf.  You  may  either  set  up  a  hypothesis  about  this  and  then  test  it, 
or  put  the  weights  on  the  meter  stick  and  move  them  about  until  they  balance,  and  then 
try  to  figure  out  the  law.  When  you  think  you  know  the  law,  test  it  with  a  number  of  differ¬ 
ent  arrangements  of  weights.  Record  all  of  your  tests  on  a  data  sheet. 
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STEP  2  Use  the  law  to  weigh  an  object  of  unknown  weight.  Do  it  twice,  using  different 
known  weights.  In  your  Data  Book  describe  the  method  you  used.  Set  up  the  data  neatly 
and  show  the  results.  Average  the  two  answers.  Weigh  the  unknown  on  the  laboratory 
balance. 

Calculate  the  percent  of  difference  between  the  average  weight  obtained  by  using  the  meter 
stick  and  the  weight  obtained  by  using  the  laboratory  balance.  This  is  not  the  same  as 
percent  of  error,  since  you  have  no  way  of  knowing  which  weighing  is  more  accurate. 
See  Appendix  4  for  instructions  about  percent  of  difference. 

Discussion 

1.  The  product  of  a  force  times  its  lever  arm  is  called  the  moment  of  the  force.  The  law 
for  equilibrium  of  parallel  forces  is  called  the  law  of  moments.  State  this  law  in  such  a 
way  that  it  applies  to  more  than  two  forces.  Show  the  calculations  used  to  support 
your  conclusion. 

2.  The  law  of  moments  states  only  one  of  the  conditions  necessary  for  equilibrium  with 
parallel  forces.  It  is  also  necessary  that  the  resultant  of  the  forces  themselves  be  zero, 
just  as  in  the  case  of  concurrent  forces.  When  you  had  two  100-gf  weights  on  the  meter 
stick,  they  provided  a  total  downward  force  of  200  gf.  Since  there  was  equilibrium, 
there  must  have  been  an  upward  force  of  200  gf  somewhere  in  the  system.  How  was  this 
upward  force  applied  to  the  meter  stick? 

3.  How  could  you  measure  the  upward  force  to  see  whether  or  not  it  was  equal  to  200  gf? 

4.  If  you  found  the  upward  force  to  be  270  gf,  how  would  you  account  for  this  discovery? 

5.  How  could  you  check  your  answer  to  Discussion  Question  4? 


Fig.  16-3  This  square  object  is  in  equi¬ 
librium.  Can  you  prove  it? 


200  gf 


For  Further  Investigation 

The  law  of  moments  also  applies  to 
nonconcurrent  forces  that  are  not  all 
parallel  to  each  other.  For  example, 
the  object  shown  in  Fig.  16-3  is  in 
equilibrium.  See  whether  or  not  you 
can  apply  the  law  of  moments  in  such 
a  way  as  to  prove  that  the  object  is  in 
equilibrium.  To  do  this,  you  may 
take  any  convenient  point  (one  of  the 
corners,  for  example)  as  the  point  of 
rotation.  You  may  also  extend  the 
arrow  that  indicates  a  force,  in  order 
to  find  the  lever  arm.  A  lever  arm  is 
always  drawn  from  the  point  of  rota¬ 
tion  perpendicular  to  the  line  along 
which  the  force  acts. 
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Center  of  Gravity 


Introduction 

Suppose  you  are  holding  a  stone  in  an  outstretched  hand.  How  can  you  calculate  the 
moment  of  its  weight  about  your  elbow?  You  could  find  the  weight  of  the  stone  easily 
enough,  but  to  determine  the  lever  arm  is  a  more  difficult  problem.  Perhaps  the  stone  is 
10  cm  across.  Each  part  of  the  stone  has  a  different  lever  arm.  You  might  imagine  the 
stone  being  sliced  into  thin  pieces  (Fig.  17-1).  The  first  slice  weighs  5  gf  and  is  18.0  cm  from 
your  elbow;  the  second  slice  weighs  12  gf  and  is  18.1  cm  from  your  elbow,  and  so  on. 
Even  if  you  could  slice  up  the  stone  in  this  manner,  it  would  be  a  most  difficult  way  in  which 
to  solve  the  problem,  so  difficult  that  no  one  in  his  right  mind  would  bother  with  it. 

Fortunately  there  is  an  easier  way.  If  you  can  locate 
the  center  of  gravity  of  the  object,  you  can  pretend  that 
all  of  its  weight  is  concentrated  at  that  one  point.  In 
Fig.  17-1  the  center  of  gravity  of  the  stone  is  indicated 
by  a  dot,  which  is  20.0  cm  from  the  elbow.  If  the  stone 
weighs  250  gf,  the  moment  about  the  elbow  is  250  gf  X 
20.0  cm,  or  5.00  X  103  gf-cm. 

It  is  the  purpose  of  this  investigation  to  show  you 
how  the  center  of  gravity  of  a  simple  object  may  be 
Fig.  17-1  How  can  the  moment  located  and  to  help  you  to  understand  how  the  center 

caused  by  the  weight  of  this  of  gravity  is  related  to  equilibrium, 

rock  be  determined? 


Equipment 

A  piece  of  cardboard  (the  backing  of  a  school  composition  pad,  for  example);  2  ft  of  thin 
string;  a  nail  about  3  in.  long;  something  to  tie  to  the  string  that  is  heavy  enough  to  make  the 
string  hang  straight  down;  other  materials  used  in  Investigation  16. 

Procedure 

You  are  looking  for  a  way  to  locate  the  center  of  gravity  of  an  object  when  it  is  in  equilib¬ 
rium.  It  is  easier  to  locate  the  center  of  gravity  of  a  flat  object  than  of  a  stone.  Therefore 
you  will  work  with  a  sheet  of  cardboard  in  this  experiment.  However,  what  you  learn  about 
center  of  gravity  will  apply  also  to  objects  of  other  shapes. 

STEP  1  Tie  a  weight  to  one  end  of  a  piece  of  string,  and  tie  a  small  loop  in  the  other  end, 
so  that  a  nail  can  be  slipped  through  the  loop. 

STEP  2  Cut  the  cardboard  into  an  irregular  shape  and  punch  holes  through  it  at  various 
places,  as  in  Fig.  17-2.  The  holes  should  be  slightly  (but  not  much)  bigger  than  the  nail. 
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Fig.  17-2  The  first  step  in 
finding  the  center  of  gravity 
of  a  piece  of  cardboard. 


STEP  3  Hold  the  nail  horizontally.  Hang  the  cardboard 
on  it  by  one  of  the  holes,  and  hang  the  weighted  string  on  the 
nail  (Fig.  17-2).  The  string  will  hang  vertically  downward 
beside  the  cardboard.  While  one  person  holds  the  nail, 
another  should  mark  the  position  of  the  string  by  making 
two  pencil  marks  on  the  cardboard.  Then,  putting  the 
cardboard  on  a  table,  use  a  ruler  and  pencil  to  draw  (lightly) 
the  line  between  the  two  dots.  Using  the  same  hole,  hang 
the  cardboard  and  string  up  again,  to  determine  whether  the 
line  has  been  drawn  accurately.  If  not,  correct  it.  Repeat 
these  steps  with  each  of  the  holes  in  turn.  What  do  you 
discover  about  the  lines  that  you  have  drawn? 


STEP  4  The  point  where  the  lines  cross  is  the  center  of  gravity  of  the  cardboard.  Punch 
a  hole  there  (slightly  bigger  than  the  nail)  and  suspend  the  cardboard  again  from  the  nail. 
Be  sure  that  the  cardboard  can  be  turned  easily  when  the  nail  is  in  the  hole.  Turn  the  card¬ 
board  into  various  positions.  Does  it  stay  in  position,  or  does  it  rotate  when  you  take  your 
hand  away? 


STEP  5  Suspend  the  cardboard  from  one  of  the  other  holes  and  try  rotating  it.  Does  it 
stay  in  position,  or  does  it  rotate? 

STEP  6  Find  the  center  of  gravity  of  a  pencil  by  slipping  it  through  a  loop  of  string  that 
is  slightly  larger  than  the  pencil  and  suspending  it  from  above.  Then  balance  the  pencil 
horizontally  on  one  of  your  fingers.  Where  is  the  center  of  gravity  in  relation  to  your  finger 
when  the  pencil  is  balanced  on  one  finger? 

STEP  7  Balance  the  pencil  horizontally  on  two  fingers  held  about  an  inch  apart.  Where 
is  the  center  of  gravity  in  relation  to  your  fingers? 

STEP  8  Tie  strings  through  two  holes  in  the  cardboard  (Fig.  17-3).  Suspend  the  card¬ 
board  by  holding  one  string  in  each  hand.  Where  is  the  center  of  gravity  in  relation  to  the 
two  strings? 


Discussion 

1.  What  is  the  equilibrium  position  of  an  object  supported 
from  above  a)  by  a  single  support?  b)  By  two  supports? 

2.  What  is  the  equilibrium  position  of  an  object  supported 
from  below  a)  by  a  single  support?  b)  By  two  supports? 


Fig.  17-3  The  center  of  gravity  of  a  piece  of 
cardboard  in  relation  to  two  supporting  strings. 
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3.  What  is  the  equilibrium  position  of  an  object  supported  at  its  center  of  gravity? 

4.  Show  that  your  answers  to  the  three  questions  above  agree  with  the  law  of  moments. 

5.  How  could  you  get  an  approximate  idea  of  the  location  of  the  center  of  gravity  of  a  stone? 

6.  Stand  with  your  back  to  a  wall  and  with  your  heels  against  the  wall.  Have  someone 
place  a  book  on  the  floor  about  a  foot  in  front  of  you.  Try  to  pick  up  the  book.  Explain 
what  happens. 

7.  Where  is  the  center  of  gravity  of  a  doughnut?  Check  your  response  by  cutting  a  flat 
doughnut  shape  out  of  cardboard,  using  the  procedure  of  this  experiment. 

For  Further  Investigation 

It  is  possible  to  weigh  a  meter  stick  by  suspending  it  and  hanging  only  one  known  weight 

upon  it.  Devise  a  method  for  doing  this.  Describe  your  method  and  show  your  results. 

Check  the  weight  by  weighing  the  meter  stick  on  a  laboratory  balance.  Calculate  the 

percent  of  difference  in  the  two  methods  of  weighing. 


The  Force  of  Friction 


INVESTIGATION 

18 


Introduction 

If  you  give  a  push  to  a  block  of  wood,  it  slides  along  the  floor  and  comes  to  rest.  You 
learned  in  Investigation  1  and  in  your  study  of  Newton’s  laws  that  the  slowing  down  is  due 
to  an  unbalanced  force,  the  force  of  friction.  You  also  learned  in  that  investigation  that  the 
force  of  friction  is  not  always  the  same.  It  was  less  when  the  cart  was  right  side  up  than  when 
it  was  upside  down;  less  still  for  a  rolling  ball.  It  is  the  purpose  of  this  investigation  to 
explore  some  of  the  factors  that  influence  the  size  of  the  force  of  friction. 

Equipment 

For  each  group  of  students:  horizontal  table;  board;  block;  additional  weights  to  add 
to  block. 
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Procedure 


Before  you  start  your  investigation,  answer  the  following  questions: 

a)  If  you  are  pulling  an  object  in  a  straight  line  along  a  table  top,  in  what  direction  does 
the  force  of  friction  act? 

b)  Suppose  that  you  are  using  a  string  to  pull  the  object.  If  the  object  moves  with  uniform 
velocity,  how  does  the  force  of  friction  compare  with  the  tension  in  the  string? 

c)  Figure  18-1  shows  a  way  in  which  you  can  apply  a  force  to  a  block.  If  the  weight  of 
the  hanger  and  its  load  is  100  gf  and  the  block  starts  without  being  pushed  and 
speeds  up  as  it  goes,  what  do  you  know  about  the  force  of  friction? 

d)  If  the  weight  of  the  hanger  and  its  load  is  90  gf  and  the  block  does  not  start  without 
being  pushed,  but  speeds  up  after  it  gets  started,  what  do  you  know  about  the  force 
of  friction? 

e)  If  the  weight  of  the  hanger  and  its  load  is  80  gf  and  the  block  starts  only  if  you  push 
it  and  comes  to  rest  soon  after  you  stop  pushing,  what  do  you  conclude  about  the 
force  of  friction? 

f)  If  the  weight  of  the  hanger  and  its  load  is  exactly  equal  to  the  force  of  friction,  how 
should  the  block  behave? 

g)  In  Fig.  18-1  the  string  is  shown  parallel  to  the  table.  Would  it  make  a  difference  if 
the  string  were  not  parallel?  Why? 

h)  One  factor  that  might  affect  the  size  of  the  force  of  friction  is  the  size  of  the  force 
holding  the  two  surfaces  together.  This  force  is  called  the  normal  force  because  it  is 
perpendicular  to  the  surfaces.  How  could  you  measure  the  normal  force  shown  in 
Fig.  18-1? 


STEP  1  Set  up  the  apparatus,  as  shown 
in  Fig.  18-1. 

STEP  2  Set  up  a  data  chart  for  recording 
the  normal  force  and  the  force  of  friction 
for  five  or  more  different  loads  on  the 
block.  Record  the  kind  of  material  of  the 
block  and  board.  Make  the  measurements 
and  record  them. 

STEP  3  If  it  were  possible  to  reduce  the 
normal  force  to  zero,  what  should  be  the 
force  of  friction?  Record  this  on  the  data 
chart. 


weights  added  to 
that  of  block 


Fig.  18-1  How  to  measure  frictional 
forces  and  the  coefficient  of  friction. 


STEP  4  Graph  the  data.  There  is  one  point  from  the  data  sheet  through  which  the  line 
on  your  graph  must  pass.  Be  sure  you  know  which  one  it  is. 

STEP  5  List  other  factors  that  might  influence  the  size  of  the  force  of  friction.  Investigate 

another  factor  from  your  list.  Record  data  clearly,  organize  the  observations  in  a  graph, 
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chart,  etc.,  and  report  your  conclusions.  Different  groups  of  students  should  investigate 

different  factors.  At  the  end,  summarize  not  only  what  you  have  discovered,  but  also  what 

others  have  learned. 

Discussion 

1.  What  appears  to  be  the  relationship  between  the  force  of  friction  and  the  normal  force? 

2.  The  coefficient  of  friction  ( k )  is  defined  as 

^  force  of  friction 
normal  force 

From  your  graph  determine  the  coefficient  of  friction  for  the  block  and  table.  Show  the 
method  you  used  for  your  computation.  In  what  units  should  the  coefficient  be  ex¬ 
pressed? 

3.  Compare  your  graph  with  those  of  Investigations  4  and  5.  Discuss  the  degree  of  experi¬ 
mental  error  involved  in  the  three  situations.  What  are  some  sources  of  experimental 
error  in  the  measurement  of  coefficient  of  friction?  How  reliable  is  your  value  for  the 
coefficient?  Could  the  measurement  be  made  more  reliable  by  other  techniques? 

4.  Why  is  it  better  to  use  the  graph  for  computation  of  coefficient  of  friction  than  to  use  the 
data  directly  from  the  data  sheet? 

5.  How  did  the  force  required  to  start  the  block  compare  with  the  force  required  to  keep  it 
moving  at  a  uniform  velocity?  Suggest  hypotheses  to  account  for  the  difference. 

For  Further  Investigation 

1.  If  you  place  your  block  on  a  board  and  then  tilt  the  board,  the  block  will  slide  down 
when  you  get  the  angle  just  right.  In  Fig.  18-2  the  board  has  been  raised  to  such  a  point 
that  if  you  give  the  block  a  push,  it  will  slide  down  the  slope  with  a  uniform  velocity. 
By  using  the  definition  of  coefficient  of  friction,  your  knowledge  of  force  components, 
and  the  geometry  of  the  situation,  prove  that 

k  —  tan  A 

2.  Check  the  accuracy  of  the  equation  just  derived  by  measuring  the  coefficient  when  the 
board  is  flat  (by  the  method  used  in  the  first  part  of  this  experiment),  and  by  computing 
the  tangent  of  the  angle  when  the  block  slides  with  uniform  velocity. 


A 


D 


Fig.  18-2  Another  way  to 
measure  coefficient  of  friction. 
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Introduction 

A  machine  is  a  mechanical  device  that  makes  it  possible  to  do  work  more  conveniently 
than  if  you  did  not  have  the  machine.  A  machine  has  no  energy  supply  of  its  own,  so  you 
must  do  work  on  it  to  get  it  to  do  work.  The  purpose  of  this  experiment  is  to  introduce  you 
to  the  way  in  which  certain  simple  machines  operate.  You  will  study  the  operation  of  one 
or  more  machines  and  report  on  their  mechanical  advantage  and  the  efficiency. 

Equipment 

Machines  such  as  inclined  plane;  pulleys;  (singly  and  in  groups);  chain  hoist  (differential 
pulley);  wheel  and  axle;  jackscrew;  weight  hangers;  weights  and  fish  lines. 

Procedure 

Before  you  start  your  investigations ,  read  the  following  statement  and  answer  the  questions 
to  see  whether  you  understand  the  necessary  definitions. 

Assume  that  you  use  a  force  of  240  gf  to  push  a  1200-gf  load  up  an  incline  that  is  40.0  cm 
long  and  is  5.0  cm  higher  at  the  upper  end  than  at  the  lower  end.  Find  each  of  the  quantities 
defined  below. 

a)  The  input  force  Ft  is  the  force  exerted  from  the  outside  on  the  machine. 

b)  The  output  force  F0  is  the  force  that  the  machine  works  against.  In  this  case  it  is  the 
weight  that  is  to  be  lifted. 

c)  The  work  input  is  the  work  done  on  the  machine. 

d)  The  work  output  is  the  work  done  by  the  machine. 

e)  The  actual  mechanical  advantage  (MA)  is  the  ratio  F0/Fi. 

input  distance 

f)  The  ideal  MA  is  the  ratio - — -  • 

output  distance 

.  work  output 

g)  The  efficiency  is  the  ratio - — - - 

&  work  input 

STEP  1  Figure  19-1,  on  the  next  page,  shows  ways  in  which  various  machines  can  be  set 
up  for  testing.  Examine  your  machine  to  see  how  you  can  measure  input  and  output  forces 
and  input  and  output  distances. 

STEP  2  Set  up  a  data  sheet  on  which  you  will  record  the  quantities  to  be  measured  and 
the  quantities  to  be  computed.  Make  measurements  for  at  least  5  different  loads  on  the 
machine.  These  loads  should  range  from  one  that  seems  quite  light  to  one  that  taxes  the 
ability  of  the  machine.  Remember  that  you  must  record  the  force  that  keeps  the  load 
moving  at  a  steady  speed  after  it  has  started,  not  the  force  necessary  to  start  it  nor  a  force 
that  accelerates  it. 
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(a) 


F0 


Fig.  19-1  With  arrangements  such  as 
these  you  can  measure  mechanical  advan¬ 
tages  and  efficiencies  of  simple  machines. 
(With  the  jackscrew,  support  a  platform 
on  three  legs  of  the  same  height  as  the 
jackscrew.  Center  the  load.  Assume  that 
the  output  force  of  the  jack  is  14  the 
weight  of  the  board  plus  the  load.) 


pulley  system 

(b) 


F„ 

wheel  and  axle  (windlass) 


STEP  3  Calculate  the  actual  and  ideal  mechanical  advantages  and  the  efficiency  for  each 

of  the  different  loads. 

Discussion 

1.  Is  the  efficiency  of  your  machine  approximately  the  same  for  different  loads,  or  does  it 
vary  considerably?  If  it  varies,  does  it  change  in  a  regular  way?  Can  you  explain  why 
the  efficiency  remains  approximately  the  same  (if  it  does),  or  changes  (if  it  does)? 

2.  Are  some  of  the  machines  being  tested  in  your  laboratory  more  efficient  than  others? 
To  answer  this  question,  compare  your  results  after  testing  several  machines,  or  compare 
your  results  with  those  of  other  students.  If  certain  kinds  of  machines  seem  to  be  more 
efficient  than  others,  account  for  that  fact.  Is  inefficiency  a  desirable  characteristic  in 
any  of  the  machines  tested  in  your  laboratory? 

3.  Which  is  greater,  ideal  MA  or  actual  MA?  Will  this  always  be  true? 
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4.  Compare  your  calculated  values  of  efficiency  with  the  ratio  - -  .  What  conclusion 

do  you  draw?  Can  you  prove  it  mathematically?  ldeal 

5.  Which  machines  tested  in  your  laboratory  have  MA’s  that  are  easily  changed?  Which 
ones  have  fixed  MA’s? 

6.  Did  your  machine  reduce  the  amount  of  work  that  had  to  be  done  to  raise  a  load?  Why 
was  the  machine  useful? 


7.  Can  one  of  the  machines  tested  in  your  laboratory  be  so  designed  that  it  has  an  ideal  MA 
less  than  1?  In  what  way  might  this  be  useful? 


8.  Can  one  of  the  machines  tested  in  your  laboratory  be  so  designed  that  it  has  an  ideal 
MA  of  1?  In  what  way  might  this  be  useful? 


9.  What  are  the  basic  causes  of  inefficiency  in  machines? 

For  Further  Investigation 

Set  up  the  pulley  system  shown  in  Fig.  19-2  and  test  it. 
The  results  may  surprise  you.  Account  for  them. 


Fig.  19-2  A  more  complicated  pulley 


Pressure  in  a  Liquid 
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Introduction 

If  you  walk  across  the  kitchen  floor  in  your  stocking  feet,  carrying  your  ice  skates  in  your 
hand,  you  do  the  floor  no  harm.  If  you  put  on  the  skates  and  continue  your  walk,  you  may 
make  unsightly  dents  in  the  linoleum.  The  total  force  exerted  in  both  cases  is  the  same,  but 
the  pressure  is  different.  Pressure  is  defined  as  force  per  unit  of  area.  Its  mathematical 
expression  is  shown  below: 

P  =  F/A 

Pressure  exists  in  liquids.  Dams  are  thicker  at  the  bottom  because  water  pressure  in¬ 
creases  as  the  depth  increases.  Submarines  and  diving  suits  must  be  designed  to  withstand 
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the  increasing  pressure  at  greater  depths.  It  is  the  purpose  of  this  experiment  to  discover 
just  how  the  pressure  exerted  by  a  liquid  is  related  to  depth. 

Equipment 

For  each  group  of  students:  glass  tubing  about  3  cm  in  diameter,  30  cm  long;  glass  jar 
at  least  30  cm  deep;  meter  stick;  lead  shot;  10-gf  and  20-gf  brass  weights  that  fit  into  glass 
tubing;  rubber  stopper  that  fits  into  the  tubing  with  its  top  almost  flush  with  the  end  of 
tubing,  as  shown  in  Fig.  10-1 ;  laboratory  balance. 

Procedure 


Your  problem  is  to  discover,  with  the  use  of  the  apparatus  shown  in  Fig.  20-1,  the 
relationship  between  the  depth  of  water  and  the  pressure  it  exerts.  Note  that  the  glass 
cylinder  floats  upright  because  it  is  weighted  at  the  lower  end. 

Before  you  start  your  investigation,  answer  the  following  questions  and  have  them  checked 
for  accuracy.  Assume  that  the  cylinder  and  its  contents  weigh  160  gf  and  that  the  area  of 
the  base  of  the  cylinder  is  8.0  cm2. 

a)  Is  the  cylinder  in  equilibrium?  How  do  you  know? 

b)  What  downward  force  acts  on  the  cylinder? 

c)  What  upward  force  acts  on  the  cylinder? 

d)  How  is  the  upward  force  supplied? 

e)  What  is  the  water  pressure  on  the  stopper? 

0  How  can  the  depth  of  the  water  at  the  level  of  the  stopper  be  determined? 


Fig.  20-1  A  plugged  and 
weighted  cylinder  provides  a 
suitable  means  of  determining 
liquid  pressure. 


STEP  1  Set  up  the  apparatus,  as  shown  in  Fig.  20-1.  Be  sure  the  cylinder  is  very  tightly 
stoppered.  In  order  to  make  it  float  upright  without  tipping,  you  will  have  to  add  weight 
to  it.  Use  shot  or  small  brass  weights  and  add  as  little  weight  as  possible. 
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STEP  2  During  the  course  of  the  experiment  you  will  change  the  depth  of  the  cylinder 
by  adding  10-gf  or  20-gf  weights.  You  should  make  measurements  for  at  least  five  different 
depths.  Decide  what  you  need  to  measure  to  calculate  the  depth  ( h )  and  the  pressure  ( P ) 
each  time.  Set  up  a  data  chart  on  which  to  record  the  quantities  to  be  measured  or  computed. 
Be  sure  to  state  the  units  in  which  each  quantity  is  measured.  Let  the  chart  have  2  extra 
columns  to  be  used  later. 

STEP  3  Make  the  measurements  and  record  the  data.  If  the  depth  were  zero,  what  would 
be  the  water  pressure?  Add  these  values  to  the  data  sheet. 

STEP  4  From  the  depth  and  diameter  of  the  cylinder,  calculate  the  volume  of  water  dis¬ 
placed  by  the  cylinder  for  each  depth.  Record  this  in  one  of  the  extra  data-sheet  columns. 
From  the  fact  that  the  weight  density  ( dw )  of  water  is  1.00  gf/cm3,  calculate  the  weight  of 
the  displaced  water.  Record  your  answers  in  the  other  extra  column. 

Discussion 

1.  Compare  the  numerical  part  of  the  depth  (h)  that  you  measured  each  time  with  the 
numerical  value  of  the  pressure  ( P )  at  that  depth.  Within  the  limits  of  experimental 
error,  what  seems  to  be  the  relationship?  Compare  the  units  for  P  and  h.  Keeping  in 
mind  that  the  weight  density  (dw)  of  water  is  1.00  gf/cm3,  write  an  equation  that  would 
express  the  relationship  between  P,  h,  and  dw  that  would  be  correct  both  numerically 
and  with  respect  to  the  units. 

2.  Compare  the  weight  of  the  displaced  water  with  the  weight  of  the  cylinder  and  its  con¬ 
tents  each  time.  Allowing  for  a  certain  amount  of  experimental  error,  what  seems  to  be 
the  relationship?  What  generalization  can  you  make  about  the  weight  of  a  floating 
object  and  the  weight  of  the  water  it  displaces? 

3.  The  upward  force  supplied  by  the  water  is  called  the  buoyant  force  of  the  water.  Com¬ 
pare  the  buoyant  force  acting  on  a  floating  object  with  the  weight  of  water  displaced 
by  the  object. 

4.  The  apparatus  used  in  this  experiment  does  not  provide  a  high  degree  of  accuracy  of 
measurement.  What  are  some  of  the  sources  of  error?  How  might  the  equipment  be 
improved  so  that  these  errors  would  be  lessened? 

5.  In  English  units  the  weight  density  of  water  is  62.4  lb/ft3.  What  is  the  pressure  at  a 
depth  of  10.0  ft?  The  weight  density  of  a  certain  oil  is  0.93  gf/cm3.  What  would  be  the 
pressure  in  this  oil  at  a  depth  of  100  cm? 

6.  Gases  also  exert  pressure.  The  pressure  of  the 
atmosphere  is  often  measured  in  centimeters  of 
height  of  a  mercury  barometer.  The  higher 
you  go,  the  lower  the  pressure,  as  indicated  by 
the  table  at  the  right.  In  what  way  does  the 
variation  of  atmospheric  pressure  with  your 
location  in  the  atmosphere  resemble  the  varia¬ 
tion  of  pressure  in  a  liquid?  In  what  way  is 
it  different?  Account  for  the  similarities  and 
differences. 


Elevation 

above  sea 
level  (km) 

Pressure 
(cm  of 
mercury) 

0 

76 

2 

60 

4 

47 

6 

36 

8 

27 

10 

21 
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7.  If  you  had  filled  the  jar  in  your  investigation  with  oil  with  a  density  of  0.8  gf/cm3, 
would  the  cylinder  have  floated  at  a  higher  level,  at  a  lower  level,  or  at  the  same  level 
as  with  water?  Give  reasons  for  your  answer. 

8.  A  wooden  cube  with  an  edge  10  cm  long  weighs  700  gf.  How  much  of  the  cube  will 
float  above  water? 

9.  Some  sea  animals  live  at  a  depth  of  a  mile  or  more  in  the  ocean.  Why  are  they  not 
crushed  by  the  force  due  to  the  pressure  of  the  water?  Why  does  such  a  fish  explode 
if  it  is  suddenly  brought  to  the  surface? 

10.  In  this  investigation  you  measured  only  the  pressure  due  to  the  water.  Actually  there 
was  atmospheric  pressure  in  addition  to  that  of  the  water.  When  the  end  of  the  cylinder 
was  at  a  depth  of  20  cm,  there  was  a  pressure  of  20  gf/cm2  due  to  the  water,  plus  a 
pressure  of  approximately  1030  gf/cm2  due  to  the  atmosphere,  making  a  total  pressure 
on  the  stopper  of  about  1050  gf/cm2.  If  the  stopper  had  an  area  of  8  cm2,  this  would 
produce  a  total  upward  force  of  more  that  8000  gf  on  the  cylinder.  Why  does  this  force 
not  blow  the  cylinder  out  of  the  water? 

For  Further  Investigation 

1.  Suppose  you  put  into  the  water  a  stone  instead  of  the  hollow  glass  cylinder.  It  would 
not  float.  In  this  case  would  there  be  a  buoyant  force  on  the  stone?  Use  your  answer 
to  this  question  as  a  hypothesis,  and  perform  a  simple  experiment  to  test  the  hypothesis. 
Report  the  results. 

2.  The  weight  of  the  floating  glass  cylinder  of  your  experiment  may  be  considered  to  act 
at  its  center  of  gravity.  The  upward  buoyant  force  of  the  displaced  water  may  be  con¬ 
sidered  to  act  at  the  center  of  gravity  of  the  column  of  water.  What  must  be  the  relative 
positions  of  the  two  centers  of  gravity  for  the  cylinder  to  be  in  stable  equilibrium? 
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Introduction 

You  have  probably  noticed  when  you  have  been  in  swimming  that  it  is  easier  to  lift  a  rock 
that  is  under  water  than  to  lift  the  same  rock  when  it  is  out  of  the  water.  The  apparent  loss 
of  weight  of  an  object  immersed  in  a  fluid  comes  about  because  the  fluid  helps  to  support 
the  object;  the  supporting  force  is  called  the  buoyant  force  of  the  fluid.  The  purpose  of  this 
investigation  is  to  study  the  size  of  the  buoyant  force  acting  on  an  object  immersed  in  water. 


beam  balance 


Fig.  21-1  Three  ways  to  weigh  an 
object  that  is  immersed  in  water.  In  a 
the  object  is  suspended  from  a  hook 
under  the  pan  at  the  left.  In  b  it  is  sus¬ 
pended  from  a  spring  balance.  In  c  it 
is  suspended  from  a  hook,  as  shown. 
The  beaker,  the  platform  on  which  it 
sits,  and  the  support  for  the  platform  do 
not  touch  the  balance  pan  or  the  handle 
of  the  balance  pan. 


(b) 


Equipment 

Heavier-than-water  objects  that  can  be  suspended  from  balances,  as  shown  in  Fig.  21-1 ; 
balances  (one  or  more  of  the  types  shown  in  Fig.  21-1);  volume-measuring  equipment  (one 
or  more  of  the  types  shown  in  Fig.  21-2). 

Procedure 

Figure  21-1  shows  three  methods  for  weighing  an  object  in  air  and  in  water.  Suppose 
that  you  have  done  the  weighing  and  find  that  your  object  weighs  80  gf  in  air  and  60  gf  when 
immersed  in  water.  The  apparent  loss  of  weight  is  20  gf,  which  is  25%  of  the  weight  in  air. 
Possibly  all  objects  immersed  in  water  will  seem  to  lose  25%  of  their  weight.  Another 
possibility  is  that  the  loss  is  related  to  the  volume  of  the  object.  Figure  21-2  shows  several 
methods  for  finding  the  volume  of  the  object.  Your  problem  is  to  discover  how  the  buoyant 
force  on  an  object  immersed  in  water  is  related  to  its  weight  in  air  and  to  its  volume. 
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Fig.  21-2  Three  methods  for  determining  the  volume  of  an  object,  a.  If  the  object  is 
regular  in  shape,  measure  its  dimensions  and  calculate  its  volume,  b.  If  the  object  is 
irregular  in  shape,  partly  fill  a  graduate  with  water  and  find  the  volume  of  the  object  by 
determining  how  much  the  water  rises  in  the  graduate  when  the  object  is  immersed, 
c.  If  the  object  will  not  fit  into  a  graduate,  fill  an  overflow  can  with  water  until  it  runs  out 
of  the  spout.  When  the  water  stops  running,  place  a  catch  bucket  under  the  spout  and  put 
the  object  in  the  water  (without  splashing).  From  the  weights  of  the  empty  catch  bucket  and 
the  catch  bucket  with  the  overflow  water,  you  can  find  the  weight  of  water  displaced  and 
thus  the  volume  of  the  object. 


STEP  1  Examine  the  apparatus  available  in  your  laboratory  and  the  various  objects  you 
can  weigh,  and  decide  how  you  will  obtain  the  weights  and  volumes. 

STEP  2  Set  up  a  data  sheet. 

STEP  3  Make  the  measurements. 

STEP  4  Make  any  computations  necessary  for  answering  the  first  three  questions  of  the 
Discussion.  Show  clearly  on  the  data  sheet  what  computations  you  made  and  how  they  are 
related  to  the  data. 

STEP  5  Make  a  chart  listing  the  information  needed  to  answer  the  first  three  Discussion 
questions,  and  enter  in  the  chart  your  own  data  and  data  from  the  other  investigators  in 
your  laboratory. 

Discussion 

1.  Is  the  buoyant  force  on  an  object  immersed  in  water  related  to  the  weight  of  the  object 
in  air?  If  your  answer  is  “Yes,”  how  is  it  related?  If  the  answer  is  “No,”  give  reasons 
for  your  answer. 

2.  Is  the  buoyant  force  on  an  object  immersed  in  water  related  to  the  volume  of  the  object? 
If  your  answer  is  “Yes,”  how  is  it  related? 

3.  Is  the  buoyant  force  on  an  object  immersed  in  water  related  to  the  weight  of  the  water 
displaced  by  the  object?  If  your  answer  is  “Yes,”  how  is  it  related? 

4.  Similar  experiments  with  other  liquids  and  with  gases  show  that  the  relationship  you  have 
discovered  applies  to  all  fluids  (liquids  and  gases).  A  balloon  filled  with  helium,  for 
example,  rises  because  the  buoyant  force  supplied  by  the  air  is  greater  than  the  weight 
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of  the  balloon  and  its  contents.  Write  your  conclusion  in  a  generalized  form  that  applies 
to  fluids  of  all  kinds. 

5.  Undoubtedly  your  experimental  results  contain  measurement  error.  With  the  kind  of 
balance  that  you  used  for  the  weighing,  what  is  the  largest  error  that  you  think  is  likely 
if  you  do  a  careful  job?  What  do  you  think  is  the  largest  error  likely  in  your  measure¬ 
ment  of  volume?  What  is  the  largest  amount  by  which  any  of  the  data  disagree  with 
your  conclusions  in  this  experiment?  Could  this  disagreement  be  accounted  for  by  the 
estimates  you  have  just  made  of  the  likely  errors  of  measurement? 

6.  Why  was  it  important  to  compare  your  results  with  those  of  other  students? 

7.  By  using  the  discovery  you  have  made  in  this  experiment,  it  is  possible  to  calculate  the 
specific  gravity  of  your  object  from  its  weight  in  air  and  apparent  weight  in  water.  Do 
this  and  explain  your  method  clearly. 

8.  Because  of  the  buoyant  force  supplied  by  the  air,  the  weight  of  an  object  in  air  is  not  its 
true  weight.  Would  the  true  weight  be  greater  or  less?  Give  reasons  for  your  answer. 

9.  If  you  performed  Investigation  7,  show  that  the  conclusion  in  that  experiment  about 
buoyant  force  is  a  special  case  of  the  conclusion  in  this  investigation. 


The  Magnetic  Field  of  a 
Permanent  Magnet 


INVESTIGATION 

22 


Introduction 

If  you  hold  a  small  permanent  magnet  a  millimeter  or  so  trom  an  iron  tack,  you  find 
that  the  tack  is  attracted  even  when  the  magnet  is  not  touching  it.  It  is  customary  to  think 
of  a  magnet  as  being  surrounded  by  a  magnetic  field  that  stretches  out  to  infinity.  It  is  the 
field  that  exerts  the  force  on  the  tack.  At  any  point  in  the  field  the  force  is  exerted  in  a 
particular  direction.  In  this  investigation  you  will  map  the  direction  of  the  magnetic  field 
around  a  bar  magnet. 

Since  magnetic  fields  do  not  affect  the  human  senses,  you  must  explore  these  fields  with 
the  help  of  some  device  that  does  respond  to  them.  A  simple  magnetic  compass  reacts  to  a 
magnetic  field  by  aligning  itself  parallel  to  the  field.  It  behaves  in  this  way  because  the  com¬ 
pass  is  a  small  permanent  magnet  pivoted  about  its  midpoint.  The  direction  of  the  magnetic 
field  is  defined  as  the  direction  in  which  the  N-pole  of  the  pivoted  needle  points. 
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The  technique  of  exploring  a  magnetic  field  is  shown  in  Fig.  22-1.  First,  the  compass  is 
placed  near  the  N-pole  of  the  permanent  magnet  and  a  small  dot  is  placed  on  the  paper  near 
each  end  of  the  magnetic  needle.  Next,  the  compass  is  moved  so  that  its  S-end  is  just  over 
the  dot  that  formerly  marked  its  N-end.  Now  another  dot  is  made  to  mark  the  new  position 
of  the  N-end.  This  process  is  repeated  until  the  compass  returns  to  the  S-pole  of  the  perma¬ 
nent  magnet  or  leaves  the  plotting  paper.  A  smoothly  curved  line  can  now  be  drawn  through 
all  the  dots.  Such  a  line  is  frequently  called  a  line  of  magnetic  force. 


Fig.  22-1  Six  successive  positions 
of  the  exploring  compass  are  shown 
here.  Between  each  is  a  dot  on  the 
paper,  which  marks  the  N-end  of 
one  compass  position  and  the  S-end 
of  the  next. 


small  compass  for  each  group. 

Procedure 

STEP  1  Select  plotting  paper  large  enough  to  permit  a  thorough  exploration  of  the  field. 
Place  your  magnet  near  the  center  of  the  paper  and  draw  a  line  around  the  magnet.  Label 
the  poles.  Once  the  magnet  and  paper  are  in  position,  do  not  move  either  one  until  all 
plotting  is  completed.  Do  your  plotting  in  a  place  that  is  several  feet  away  from  iron  and 
steel  objects  and  from  electric  circuits.  Tap  the  compass  lightly  before  observing  the  direc¬ 
tion.  Indicate  the  direction  of  the  field  by  arrowheads  on  the  line  you  draw. 

STEP  2  Plot  several  lines  of  force  by  the  method  described  in  Step  1. 

STEP  3  Use  your  compass  needle  to  explore  the  region  between  two  of  the  lines  you 
have  drawn. 

STEP  4  Use  your  compass  needle  to  find  out  whether  the  field  is  two-dimensional  or  three- 
dimensional. 

Discussion 

1.  In  general,  from  what  region  of  the  magnet  do  the  lines  of  force  leave?  To  what  region 
do  they  return?  Are  there  any  lines  that  seem  to  leave  and  never  to  return?  If  so, 
describe  them. 

2.  Do  lines  of  force  cross  each  other? 

3.  Are  there  regions  between  the  lines  in  which  there  is  no  field?  What  is  your  evidence? 

4.  Is  the  field  2-dimensional  or  3-dimensional?  What  is  your  evidence? 

5.  Magnetic  lines  of  force  are  sometimes  compared  with  meridians  or  parallels  of  latitude 
on  the  surface  of  the  earth.  In  what  ways  are  all  of  these  lines  similar? 


Equipment 

Bar  magnets,  a  pair  for  each  group  of  students;  1 
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6.  Are  the  lines  of  force  you  have  plotted  those  of  the  magnet,  those  of  the  earth’s  magnetic 
field,  those  of  the  compass  needle,  or  a  combination  of  some  of  these  fields?  How  could 
you  test  your  answer? 

7.  Frequently  the  field  of  a  permanent  magnet  is  not  symmetrical.  Can  you  suggest  reasons 
for  this? 

8.  According  to  the  magnetic  theory,  every  magnetic  line  of  force  is  a  closed  curve,  one 
that  comes  back  to  its  starting  point.  On  your  paper  you  have  not  plotted  complete 
curves.  Where  is  the  rest  of  the  curve?  In  what  direction  does  it  go? 

For  Further  Investigation 

1.  On  a  fresh  sheet  of  paper  place  a  permanent  magnet  and  a 
magnetic  compass  approximately  as  shown  in  Fig.  22-2. 
Pencil  an  arrow  on  the  paper  under  the  compass  to  indi¬ 
cate  the  direction  of  the  field  at  this  point.  Carefully 
rotate  the  paper,  compass,  and  magnet  through  90°  and 
again  record  the  direction  of  the  compass  needle.  Repeat 
until  the  paper  and  magnet  are  back  as  at  the  start. 
Discuss  your  observations. 

2.  Repeat  the  steps  of  the  Procedure,  using  two  permanent 
magnets  close  to  each  other  or  one  permanent  magnet 
and  a  nearby  piece  of  unmagnetized  iron  or  steel. 


Fig.  22-2  The  magnet  and 
compass  should  be  kept  in 
the  same  relative  position 
while  the  paper  is  rotated. 
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The  Magnetic  Field  Surrounding  an 


Electric  Current 


Introduction 

In  1820,  while  experimenting  before  a  group  of  his  students,  the  Danish  physicist  Hans 
Christian  Oersted  discovered  that  a  wire  carrying  a  current  is  surrounded  by  a  magnetic 
field.  Your  purpose  today  is  to  investigate  the  direction  and  shape  of  the  field  when  current 
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exists  in  a  straight  wire  and  in  a  coil.  You  will  also  observe  the  effect  of  the  nature  of  the 
core  on  the  strength  of  the  field. 

In  Part  A  you  will  investigate  the  magnetic  field  around  a  straight  wire  and  will  find  a  rule 
for  predicting  its  direction  when  you  know  the  direction  of  the  current.  In  Part  B  you  will 
first  use  the  rule  you  found  in  Part  A  to  predict  the  direction  of  the  field  around  a  coil,  and 
then  you  will  test  your  prediction. 

You  will  use  compass  needles  to  determine  the  field  direction.  Remember  that  the  field 
direction  is  defined  as  the  direction  in  which  the  N-pole  of  the  needle  points. 

Equipment 

Dry  cell  (preferably  not  a  new  one);  bell  wire;  small  compasses;  switch. 

A.  THE  FIELD  AROUND  A  STRAIGHT  WIRE 

Procedure 

STEP  1  Punch  a  small  hole  in  the  center  of  a  piece  of  cardboard  and  thread  bell  wire 
through  the  hole.  Support  the  cardboard  between  books  so  that  the  wire  goes  vertically 
through  the  hole.  Connect  the  ends  of  the  wire  to  a  dry  cell  and  switch,  as  shown  in  Fig. 
23-1.  Place  6  small  compass  needles  on  the  cardboard  at  equally  spaced  intervals  around 
the  wire.  If  you  do  not  have  6  compass  needles,  use  fewer,  moving  them  after  you  have 
made  your  observations. 


Fig.  23-1  When  the  switch  is  closed,  the  compass  needles  on  the  sheet  of 
cardboard  will  deflect,  showing  the  direction  of  the  field  at  various  points. 

STEP  2  Close  the  switch  and  observe  what  happens  to  the  compass  needles.  Do  not  leave 
the  switch  closed  for  more  than  a  few  seconds  at  a  time.  This  experiment  is  hard  on  dry  cells. 

STEP  3  Make  a  drawing  to  show  the  direction  of  the  field  around  the  current.  The 
center  post  of  your  dry  cell  is  positive;  the  edge  post  is  negative.  Electrons  move  from  the 
negative  post,  through  the  wire,  and  back  to  the  positive  post.  Show  in  your  drawing  the 
direction  of  electron  flow. 

STEP  4  Reverse  the  direction  of  the  current  and  repeat  the  experiment,  making  a  new 
drawing. 
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Discussion 

1.  What  is  the  shape  of  the  field  around  a  straight  wire? 

2.  If  you  place  the  thumb  of  your  left  hand  along  the  wire,  pointing  in  the  direction  of  the 
electron  flow,  what  can  you  do  with  the  other  fingers  to  show  the  direction  of  the  field? 

3.  Which  is  stronger,  the  earth  s  magnetic  field  or  that  created  by  the  current  you  used  in 
this  investigation?  What  is  your  evidence? 


B.  THE  FIELD  AROUND  A  COIL 

Procedure 

STEP  1  Formulate  a  hypothesis  about  the  field.  To  do  this,  imagine  a  wire  that  is  bent 
into  a  loop  like  that  in  Fig.  23-2.  Use  the  left-hand  rule  (Discussion  2,  above)  to  determine 
the  direction  of  the  field  at  the  points  marked  with  letters.  What  do  you  predict  about  the 
field  inside  the  loop  of  wire?  What  do  you  predict  about  the  field  outside  the  loop 
of  wire? 

A 

Fig.  23-2  The  arrows  in  this  diagram  indicate 
the  direction  the  electrons  move  in  the  wire.  The 
symbol  at  the  left  represents  a  dry  cell  with  its 
negative  terminal  represented  by  the  shorter 
line. 

F 


Now  imagine  that  instead  of  one  loop  of  wire,  you  have  a  long  coil,  as  in  Fig.  23-3.  Use 
the  left-hand  rule  again  to  predict  the  direction  of  the  field  around  the  coil.  Make  a  drawing 
similar  to  Fig.  23-3  and  draw  arrows  to  show  how  you  think  the  field  will  look.  This  draw¬ 
ing  represents  the  hypothesis  that  you  will  test. 


STEP  2  Wind  bell  wire  around  a  pencil  to 
method  of  testing  your  hypothesis.  Describe 
STEP  3  Investigate  the  effect  of  reversing 
the  current  and  of  changing  the  direction  in 
which  the  coil  is  wound.  Make  clear  drawings 
to  show  your  results.  The  coil  may  be  con¬ 
sidered  to  be  similar  to  a  bar  magnet.  In  each 
drawing  mark  the  end  of  the  coil  that  has  an 
N-pole. 

STEP  4  Compare  the  magnetic  field  pro¬ 
duced  by  the  coil  of  wire  when  it  has  the  pencil 
as  a  core;  when  it  has  an  air  coil  (pencil 
slipped  out);  and  when  it  has  an  iron  coil 
(large  nail).  Be  sure  the  nail  has  not  been 
magnetized  previously.  Describe  your  meth¬ 
ods  and  the  results. 


make  a  coil  like  that  of  Fig.  23-3.  Devise  a 
your  method  and  your  results. 


Fig.  23-3  The  arrows  show  the  direc 
tion  the  electrons  move  in  this  coil. 
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Discussion 

1.  Was  your  hypothesis  correct?  If  not,  make  a  revised  drawing  to  show  the  shape  of  the 
field. 

2.  If  the  fingers  of  your  left  hand  circle  the  coil  in  the  direction  of  electron  flow,  does  the 
thumb  point  to  the  N-pole  or  to  the  S-pole  of  the  coil? 

3.  What  is  the  effect  of  the  nature  of  the  core  on  the  strength  of  the  field  of  the  electro¬ 
magnetic  coil? 

4.  What  are  some  advantages  of  an  electromagnet  over  a  permanent  bar  magnet? 

5.  You  have  studied  three  kinds  of  field:  electric,  magnetic,  and  gravitational.  One  of  the 
three  is  called  a  weak  field  and  the  other  two  are  called  strong.  Which  one  do  you 
think  is  considered  to  be  a  weak  field?  Why? 

For  Further  Investigation 

In  this  investigation  you  observed  the  effect  of  a  change  in  the  core  on  the  strength  of  the 

field.  What  other  factors  probably  influence  the  field?  How  could  you  test  them  to  see  how 

they  affect  the  field?  Design  and  perform  an  experiment  to  make  the  test. 


I  NVESTIGATI  ON 


Introduction  to  Electric  Circuits 


Introduction 

A  law  in  physics  usually  expresses  a  mathematical  relationship  between  certain  quantities. 
Newton's  law  of  gravitation,  for  example,  can  be  written  as  the  equation 


where  mj  and  m2  are  two  masses,  5  the  distance  between  their  centers  of  gravity,  Fthe  force 
between  them,  and  G  the  gravitational  constant.  Hooke's  law  is  written  as  A /  =  kAF , 
where  A /  is  the  change  in  length  of  an  object  (a  spring,  a  cable,  a  girder)  when  it  is  compressed 
or  stretched  by  a  force  change'of  A F,  and  k  is  a  constant. 

These  two  laws  are  not  equally  good.  The  law  of  gravitation  is  so  accurate  that  when  it  is 
used  to  calculate  the  orbits  of  most  planets,  the  planets  are  found  to  be  on  time  to  the 
second,  year  after  year.  Hooke’s  law,  however,  is  only  approximately  true,  and  fails  com¬ 
pletely  if  you  stretch  a  wire  or  compress  a  beam  too  much.  The  law  of  gravitation  appears 
to  be  a  very  good  description  of  the  nature  of  the  universe;  it  is  a  theoretical  law.  Hooke's 
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law  is  a  rule-of-thumb  kind  of  law,  very  useful  to  a  man  designing  a  bridge  or  a  skyscraper, 
but  one  which  he  must  use  with  caution,  allowing  a  large  safety  margin  when  he  draws  his 
plans;  it  is  an  empirical  law. 

In  this  investigation  you  will  explore  the  relationship  between  current  and  potential 
difference  in  a  circuit.  You  are  to  design  a  circuit  that  will  help  you  to  answer  the  question: 
As  the  potential  difference  across  a  resistor  in  a  dc  circuit  increases,  what  happens  to  the 
current?  In  addition,  try  to  decide  whether  the  relationship  is  empirical  or  theoretical. 

Equipment 

Dc  ammeter;  dc  voltmeter;  source  of  emf;  connecting  wire;  switch;  resistor. 

Procedure 


STEP  1  If  you  do  not  already  know  the  symbols  used  to  indicate  parts  of  an  electric 
circuit,  learn  them.  (See  Fig.  24-1.) 


AM -  —  resistor 


rheostat 


ammeter 

voltmeter 


■  |  | _ battery 

111  (3  cells  in  this  case) 

<^o _ switch 

(simple  off-on  switch) 


wire  of  negligible  resistance 


wires  in  electrical 
contact 


y\ 


wires  crossing 
but  not  in 
electrical  contact 


Fig.  24-1  Symbols  for  electric  circuits. 


STEP  2  Rules  for  circuit  connections: 


Ammeters  are  always  connected  in  series.  (See  Fig.  24-2.) 

Voltmeters  are  always  connected  in  parallel.  (See  Fig.  24-2.) 

Terminal  marked  +  on  any  meter  must  be  on  the  +  side  of  the  emf. 

Emf  means  electromotive  force  and  refers  to  the  source  of  potential  difference,  a  battery, 
a  generator,  the  leads  from  a  power  supply,  a  wall  socket,  etc. 

Never  close  the  switch  in  your  circuit  until  your  wiring  has  been  approved  by  your  teacher. 


STEP  3  Make  a  diagram  of  the  circuit 
you  think  you  need  to  answer  the  question 
that  was  stated  in  the  introduction  of  this 
investigation.  Choose  the  equipment  you 
need  from  the  supply  available.  Be  sure 
you  have  planned  a  method  for  changing 
the  potential  difference  during  the  experi¬ 
ment.  Set  up  your  circuit  and  have  it 
approved  by  the  teacher. 


Fig.  24-2  An  ammeter  and  a  voltmeter  in  a 
circuit. 
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STEP  4  Set  up  a  data  sheet  and  record  your  data. 

STEP  5  Decide  what  to  do  with  the  data  in  order  to  use  them  to  answer  the  question. 
You  may  include  computations  or  graphs  or  both. 

STEP  6  Do  not  disconnect  your  circuit  until  you  have  read  Discussion  Questions  3,  4,  and 
5  and  made  the  change  indicated  in  Question  5. 


Discussion 


1.  What  is  the  relationship  between  potential  difference  and  current  for  your  resistor? 

2.  Do  there  seem  to  be  any  limitations  to  the  relationship  you  have  just  stated?  Is  the  rela¬ 
tionship  highly  precise,  probably  having  a  theoretical  basis,  or  is  it  an  empirical  one, 
true  within  limits?  Give  reasons  for  your  answer. 

3.  If  the  meters  in  your  circuit  were  arranged  as  in  Fig.  24-2,  what  assumption  did  you 
make  about  the  current  in  the  resistor?  In  the  voltmeter? 

4.  If  you  arranged  your  meters  with  the  ammeter  at  the  corner  marked  X  in  Fig.  24-2, 
what  assumption  would  you  be  making  about  the  potential  difference  across  the  resistor? 
Across  the  ammeter? 

5.  Ammeters  and  voltmeters  are  designed  in  such  a  way  that  it  is  hoped  that  all  of  these 
assumptions  are  justified.  Try  moving  your  ammeter  from  one  of  the  positions  described 
above  to  the  other.  How  much  do  the  ammeter  and  voltmeter  readings  change?  Does 
this  introduce  an  appreciable  error  in  your  experiment? 

6.  The  relationship  between  current  and  potential  difference  is  known  as  Ohm’s  law. 
It  is  used  to  define  the  unit  of  electric  resistance,  the  ohm.  Using  /  for  current,  V  for 
potential  difference,  and  R  for  resistance,  write  Ohm’s  law  and  define  the  ohm. 

7.  Calculate  the  resistance  of  the  resistor  you  used  in  this  experiment. 

For  Further  Investigation 

Investigate  the  limitations  you  suggested  in  your  answer  to  Discussion  Question  2. 
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Potential  Difference  and 
Current  in  a  Network 


Introduction 

In  the  simple  circuit  of  Fig.  25-1  a  stream  of  electrons  moves  around  in  a  clockwise 
direction.  It  is  often  useful  to  think  of  the  path  they  follow  as  similar  to  a  mountain  trail. 
As  the  electrons  leave  the  negative  terminal  of  the  battery,  A ,  they  are  at  the  top  of  the 
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mountain.  Like  a  rock  on  a  mountain  top,  they 
have  potential  energy.  As  they  go  downhill 
through  Ru  they  lose  energy,  which  is  converted 
to  heat.  They  lose  more  energy  going  downhill 
through  R2.  When  they  get  back  to  B,  they  are 
at  the  bottom  of  the  mountain.  From  B  to 
A,  in  the  battery,  they  climb  once  again  to 
the  top. 


Fig.  25—1  A  simple  dc  circuit. 


The  voltmeter  in  the  circuit  measures  the  potential  difference  across  the  battery;  this 
corresponds  to  the  height  of  the  mountain.  An  uphill  potential  difference  like  that  in  the 
battery  is  called  an  emf.  The  voltmeter  also  measures  the  potential  difference  across  the 
rest  of  the  circuit,  the  downhill  distance  through  R,  and  R2.  This  downhill  potential  differ¬ 
ence  is  called  the  potential  drop.  Since  you  can  use  Ohm’s  law  (V  =  IR )  to  calculate  the 
potential  drop,  it  is  also  called  the  IR  drop. 

In  this  investigation  you  will  measure  the  potential  difference  and  current  at  various 
places  in  a  circuit  containing  both  series  and  parallel  resistors  in  order  to  understand  more 
clearly  the  rules  governing  the  behavior  of  an  electric  circuit. 

The  circuit  you  will  use  is  diagramed  in  Fig.  25-2.  The  values  of  R2  and  R3  are  equal; 
the  other  resistors  have  different  values.  Some  of  the  questions  you  will  be  answering  are 
these.  Is  the  current  in  a  circuit  the  same  in  all  places?  How  do  the  IR  drops  in  a  circuit 
compare  with  the  emf  of  the  circuit? 


Fig.  25-2  In  this  circuit 

R2  =  R3. 


Equipment 


Dry  cells  or  other  dc-power  supply;  4  resistors  of  known  resistance  (2  of  them  to  be  equal 
in  resistance);  knife  switch;  connecting  wire;  ammeter  and  voltmeter. 

Procedure 


STEP  1  Set  up  the  circuit  of  Fig.  25-2.  Copy  the  diagram  on  your  data  sheet  and  record 
on  the  diagram  the  resistance  of  each  resistor. 

STEP  2  Use  a  voltmeter  with  test  prods  so  that  the  potential  difference  between  any  two 
desired  points  can  be  measured.  A  good  practice  is  to  use  a  red  lead  on  the  positive  terminal 
and  a  black  one  on  the  negative  terminal.  The  negative  terminal  of  the  meter  is  the  end  into 
which  electrons  flow.  Electrons  enter  the  meter  from  the  negative  terminal  and  leave  it 
through  the  positive.  You  should  be  able  to  figure  out  in  each  case  where  to  put  the  two 
voltmeter  prods.  If  you  make  a  mistake,  the  needle  of  the  meter  will  move  in  the  wrong 
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direction  and  the  meter  may  be  damaged.  On  the  diagram  on  your  data  sheet,  mark  the 
negative  end  of  each  resistor  with  a  —  sign  and  the  positive  end  with  a  +  sign. 

STEP  3  Close  the  switch  of  your  circuit.  On  a  data  sheet  record  the  potential  difference 
across  the  battery,  R i,  R2,  R3,  R 4,  and  across  Ri  and  R2  together. 

STEP  4  In  order  to  measure  current,  you  will  have  to  break  the  circuit  at  various  places 
to  insert  the  ammeter.  As  with  the  voltmeter,  electrons  enter  the  ammeter  through  the 
negative  terminal.  Measure  and  record  the  current  at  a ,  at  b,  between  R2  and  c,  between  c 
and  d,  between  e  and  /,  between  d  and  the  switch. 

Discussion 

In  order  to  draw  conclusions,  you  will  compare  the  results  on  your  data  sheet.  Keep  in 
mind  that  there  is  experimental  error  in  the  data.  When  you  are  asked  whether  or  not  two 
measurements  are  equal,  you  should  ask  yourself  whether  the  differences  between  them  are 
small  enough  to  be  due  to  experimental  error.  If  they  are,  then  the  two  measurements  may 
be  considered  to  be  equal. 

1.  When  two  resistors  are  in  series,  are  the  currents  equal?  If  not,  which  resistor  has  the 
larger  current?  Does  this  seem  reasonable?  Why? 

2.  When  two  resistors  are  in  parallel,  are  the  currents  equal?  If  not,  which  resistor  has  the 
larger  current?  Does  this  seem  reasonable?  Why? 

3.  A  point  where  several  wires  join  in  a  circuit  (points  c  and  d,  for  example)  is  called  a 
junction.  If  you  call  the  current  entering  a  junction  positive  and  a  current  leaving  a 
junction  negative,  what  is  the  sum  of  the  three  currents  at  point  c?  At  point  dl  In  general 
what  seems  to  be  the  sum  of  the  currents  at  a  junction?  The  statement  about  the  sum 
of  the  currents  at  a  junction  is  known  as  Kirchhoff’s  first  rule.  Does  it  seem  reason¬ 
able?  Why? 

4.  If  two  resistors  are  in  series,  are  the  potential  drops  equal?  If  not,  which  resistor  has  the 
larger  potential  drop?  Does  this  observation  support  Ohm's  law?  Give  reasons  for 
your  answer. 

5.  If  two  resistors  are  in  parallel,  are  the  potential  drops  equal?  If  not,  which  resistor  has 
the  larger  potential  drop?  Does  this  observation  seem  reasonable?  Why? 

6.  Imagine  that  you  are  walking  around  the  circuit  of  Fig.  25-2  in  a  clockwise  direction 
from  the  battery,  through  Ri,  R2,  R3,  and  back  to  the  battery.  Whenever  you  go  through 
a  potential  difference  from  +  to  — ,  call  it  a  positive  potential  difference.  Whenever  you 
go  through  from  —  to  +,  call  it  a  negative  potential  difference.  What  is  the  sum  of  the 
potential  differences  around  this  closed  loop?  What  is  the  sum  of  the  potential  differ¬ 
ences  around  the  loop  that  includes  the  battery,  Rx,  R2,  and  R41  In  general,  what  seems 
to  be  true  of  the  sum  of  the  potential  differences  around  a  closed  loop?  This  statement  is 
known  as  KirchhofT’s  second  rule.  Does  it  seem  reasonable?  Give  your  explanation  in 
terms  of  the  mountain  analogy  of  the  introduction. 

7.  Are  Kirchhoff’s  rules  empirical  (like  Ohm’s  law)  or  have  they  a  theoretical  base?  Give 
reasons  for  your  answer. 

8.  The  path  c-e-f-d  in  Fig.  25-2  is  a  closed  loop.  How  can  Kirchhoff 's  second  rule  be  ap¬ 
plied  to  it? 


The  Accurate  Measurement  of 
Resistance 


investigation 


Introduction 


The  en-emt  of  Fig.  26-1  can  be  used  to  measure  resistance,  as  you  learned  in  Investigation 
24.  However,  the  accuracy  of  this  procedure  is  limited  by  the  fact  that  the  voltmeter  con¬ 
ducts  some  electrons,  and  therefore  the  ammeter  measures  not  merely  the  current  in  the 
resistor,  but  also  the  current  in  the  voltmeter.  In  the  present  experiment  you  will  use  the 

resistance-measuring  circuit  known  as  the  Wheatstone  bridge,  which  provides  remarkably 
accurate  results. 


Fig.  26-1  The  volt-ammeter  method  for 
measuring  resistance. 


Equipment 


R 


Slide-wire  bridge;  galvanometer  with  protective  resistor;  1  or  2  dry  cells;  dial  resistance 
box  or  other  form  of  variable  standard  resistance  coils;  2  or  more  premeasured  “unknown'’ 
resistors;  switch;  and  lead  wires. 

Procedure 


The  Wheatstone-bridge  circuit  is  shown  in  Fig.  26-2.  Rx  is  the  unknown  resistor,  while 
the  others  are  known  and  at  least  one  of  them  is  adjustable  to  a  variety  of  known  values. 
The  galvanometer,  G,  is  a  sensitive  ammeter  with  zero  in  the  center  of  the  scale.  When  you 
use  the  circuit,  you  adjust  the  variable  resistors  until  the  galvanometer  reading  is  zero. 


Before  you  start  your  investigation,  in  order  to 
understand  how  the  Wheatstone  bridge 
measures  resistance,  write  out  the  answers  to 
the  following  questions.  When  you  come  to 
the  end,  you  will  have  an  equation  that  can 
be  used  to  calculate  the  resistance.  All  of  the 
questions  refer  to  Fig.  26-2. 

Fig.  26-2  The  basic  circuit  for  a 

Wheatstone  bridge. 


L  73 


L  74 


INVESTIGATION  26 


a)  The  current  in  Rx  is  Ix.  If  there  is  no  current  in  G,  what  is  the  current  in  RaI 

b)  The  current  in  Rb  is  /2.  If  there  is  no  current  in  G,  what  is  the  current  in  RC1 

c)  What  is  the  IR  drop  between  Points  1  and  3? 

d)  What  is  the  IR  drop  between  Points  1  and  4? 

e)  If  there  is  no  current  in  G,  how  are  these  JR  drops  related?  Write  your  answer  as 
an  equation. 

f)  In  a  similar  way,  compare  the  IR  drops  between  Points  3  and  2  and  between  Points 
4  and  2.  Write  the  equation. 

g)  Divide  the  equation  you  wrote  in  (e)  by  the  one  you  wrote  in  (f)  above.  If  you  have 
done  the  other  steps  correctly,  the  result  is  an  equation  in  which  the  /’s  cancel  out. 

h)  Solve  the  equation  for  Rx.  All  other  quantities  in  the  equation  are  known. 

i)  Figure  26-3  is  a  diagram  of  a  typical  student  Wheatstone  bridge.  As  before,  Ra  has  a 
variable  resistance  of  known  value  and  Rx  is  the  unknown.  However,  a  single  length 
of  resistance  wire  is  substituted  for  Rb  and  Rc.  A  sliding  contact  at  Point  4  makes 
Rb  and  Rc  variable,  although  their  sum  remains  a  constant.  The  resistances  of  Rb  and 
Rc  are  proportional  to  their  lengths,  Lb  and  Lc.  Express  the  ratio  Rb/Rc  in  terms 
of  Lb  and  Lc. 

j)  Substitute  this  new  ratio  in  the  equation  for  Rx  and  record  the  result. 


The  chief  limitations  to  the  accuracy  of  this  procedure  are  the  precision  with  which  the 
values  of  Ra,  Rb,  and  Rc  are  known,  and  your  carefulness  in  adjusting  the  circuit  to  make  the 
galvanometer  show  zero  current. 


Fig.  26-3  In  the  slide-wire  form  of 
the  Wheatstone  bridge,  a  length  of 
resistance  wire  is  substituted  for 
resistors  Rb  and  Rc. 


STEP  1  Examine  your  slide-wire  bridge  and  identify  Lb,  Lc,  the  places  where  you  must 
connect  the  galvanometer,  Rx,  and  Ra.  Wire  the  circuit.  Be  sure  all  points  at  which  connec¬ 
tions  are  made  are  clean  and  bright,  that  the  connecting  wires  are  also  clean  and  bright, 
and  that  connections  are  tight. 

STEP  2  Clean  the  slide  wire  but  do  not  use  any  abrasive  such  as  sandpaper  on  it. 

STEP  3  As  you  use  the  bridge,  keep  the  sliding  contact  somewhere  near  the  midpoint  of 
the  wire  and  make  initial  adjustments  with  the  dial  resistance  box.  When  the  galvanometer 
needle  is  close  to  zero,  move  the  sliding  contact  to  bring  the  needle  to  zero. 

STEP  4  The  galvanometer  has  a  high  protective  resistance  built  into  it.  When  you  have 
almost  reached  a  balance,  press  down  the  galvanometer  button  to  short  out  the  protective 
resistance  and  then  complete  the  balance. 
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STEP  5  Set  up  a  data  sheet  that  shows  clearly  your  measured  data  and  the  computed 

results.  Measure  the  resistance  of  two  or  more  unknowns,  as  directed  by  your  teacher. 

Submit  the  results  to  the  teacher  for  checking. 

Discussion 

1.  Steps  1,  2,  3,  and  4  contain  specific  instructions  about  how  to  prepare  and  use  your 
bridge.  In  each  case  tell  why  the  methods  described  were  desirable. 

2.  What  seem  to  you  to  have  been  the  greatest  possible  sources  of  error  in  your  measure¬ 
ments  of  resistance? 

3.  The  Wheatstone  bridge  is  not  very  accurate  in  measuring  extremely  small  resistances. 
Why? 

4.  A  telephone  line  is  out  of  order  because  of  a  short  circuit.  The  cable  is  underground  and 
the  repairmen  would  like  to  know  the  approximate  location  of  the  short  circuit  before 
starting  to  dig.  At  headquarters  they  use  a  Wheatstone  bridge  to  measure  the  resist¬ 
ance  of  the  line  that  is  shorted.  How  does  this  information  help  them?  What  else  do 
they  need  to  know  in  order  to  locate  the  short? 

For  Further  Investigation 

1.  Examine  an  enclosed-dial  type  of  Wheatstone  bridge  and  describe  its  construction. 
Use  it  to  check  the  resistances  you  have  just  measured. 

2,  Use  the  Wheatstone  bridge  to  measure  the  resistance  of  two  of  your  unknown  resistors 
in  series  and  in  parallel.  How  do  the  results  compare  with  the  values  obtained  by  com¬ 
putation,  using  the  laws  for  series  and  parallel  resistors? 


The  Operation  of  a 
Simple  Electric  Motor 


I  INVESTIGATION 

27 


Introduction 

In  the  ordinary  household  more  electric  power  is  used  for  lighting  than  for  any  other 
purpose.  However,  because  of  the  tremendous  use  of  electricity  in  modern  industry  and 
transportation,  the  nation  as  a  whole  uses  more  electric  energy  to  operate  electric  motors 
than  for  any  other  purpose.  In  this  experiment  you  will  study  a  simple  student  motor, 
especially  designed  to  help  you  become  familiar  with  the  principles  on  which  electric  motors 
operate. 
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As  you  follow  the  steps  under  Procedure,  answering  all  the  questions,  you  should  find 
that  your  understanding  of  the  operation  of  an  electric  motor  increases.  Instead  of  asking 
for  a  written  report,  your  teacher  will  give  you  a  set  of  questions  to  test  your  understanding 
when  you  have  finished. 

Equipment 

St.  Louis  motor;  dc  source;  wires;  knife  switch;  magnetic  compass. 

Procedure 

STEP  1  Your  motor  is  arranged  so  that  it  can  be  used  either  with  a  pair  of  permanent 
magnets  or  with  an  electromagnet  for  the  field.  For  this  part  of  the  investigation,  however, 
you  should  use  no  field  at  all.  The  armature  of  the  motor  (often  called  the  rotor)  is  a  simple 
electromagnet  pivoted  around  its  midpoint.  It  receives  current  through  the  two  brushes 
and  the  two  commutator  sections.  Connect  the  brushes  in  a  circuit  with  a  battery  and  a 
switch,  as  shown  in  Fig.  27-1.  Be  sure  that  the  brushes,  whose  position  may  be  adjustable, 
are  in  the  position  shown  in  the  diagram. 

STEP  2  Before  closing  the  switch,  examine  the  armature  circuit  closely.  Start  at  the  nega¬ 
tive  terminal  of  the  battery  and  follow  the  circuit  through  the  first  brush,  the  commutator 

section  which  it  touches,  around  the 
coil,  out  through  the  other  commuta¬ 
tor  section  and  brush,  and  back  to  the 
battery.  Decide  which  end  of  the 
armature  (upper  or  lower  in  Fig.  27-1) 
will  be  the  N-pole.  Then  close  the 
switch  and  check  your  prediction  with 
a  magnetic  compass.  Does  your  ob¬ 
servation  agree  with  your  prediction? 

STEP  3  Now  examine  the  contacts 
between  the  brushes  and  the  commu¬ 
tator  sections  while  you  slowly  rotate 
the  armature.  Do  the  same  brushes 
always  touch  the  same  commutator 
sections?  What  happens  to  the 
direction  of  electron  flow  through  the 
armature  winding  when  the  brushes 
“swap”  commutator  sections?  As  a 
result,  what  happens  to  the  magnetic 
polarity  of  the  armature?  With  refer¬ 
ence  to  Fig.  27-1,  in  what  position  is 
the  armature  when  this  change  occurs 
(up  and  down,  left  to  right,  or  diago¬ 
nal)?  Now  check  the  armature  with 
your  magnetic  compass.  Do  your 
experimental  observations  agree  with 
your  theoretical  predictions? 


Fig.  27-1  For  a  preliminary  study,  the 
armature  only  is  used. 
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Fig.  27-2  Two  bar  magnets  can  be 
arranged  to  form  a  permanent  field  for 
the  student  motor. 


STEP  4  If  the  polarity  of  the  armature 
changes  every  half  revolution,  there 
should  be  one  region  where  an  armature 
pole  is  always  N  and  another  region 
where  an  armature  pole  is  always  S. 
These  regions  are  semicircles.  In  Fig. 
27-1  what  is  the  location  of  the  semi¬ 
circle  in  which  the  armature  pole  is 
always  N  (upper  half,  lower  half,  right- 
hand  half,  left-hand  half)? 

STEP  5  Now  insert  the  permanent 
magnets  into  their  holders  to  form  a 
field  for  the  motor  (Fig.  27-2).  Adjust 
their  position  so  that  the  tips  of  the 
armature  just  miss  them.  Should  the 
armature  of  Fig.  27-2  turn  in  a  clock¬ 
wise  direction,  counter-clockwise  direc¬ 
tion,  or  stand  still  when  you  close  the 
switch?  What  will  happen  when  the 
armature  gets  to  the  position  shown  in 
Fig.  27-3?  Close  the  switch  to  check 
your  predictions. 


Fig.  27-3  What  happens  when  the 
armature  is  in  this  position? 
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Fig.  27-4  The  student  motor  can 
be  equipped  with  a  field  formed  by 
an  electromagnet. 


STEP  6  Replace  the  permanent  mag¬ 
nets  with  an  electromagnet,  as  shown  in 
Fig.  27-4,  and  connect  the  armature  and 
electromagnet  in  series.  Arrange  the  cir¬ 
cuit  so  that  the  polarity  of  the  field 
magnet  is  as  shown  and  check  it  with  a 
magnetic  compass  to  make  sure  it  is 
correct.  In  which  direction  does  the 
armature  rotate?  Is  this  the  same  direc¬ 
tion  as  when  you  used  the  permanent 
magnets? 

STEP  7  Can  you  find  an  armature 
position  from  which  the  motor  will  not 
start  without  some  help  from  you? 
With  which  of  the  diagrams  in  this 
investigation  does  this  position  corre¬ 
spond?  Since  this  position  exists  twice 
during  each  revolution,  how  is  the 
motor  able  to  have  continuous  motion 
once  it  is  started? 

Discussion 

Obtain  from  your  teacher  a  set  of 
questions  based  on  Fig.  27-5  and 
answer  them. 


Fig.  27-5  Motor  diagram  to  ac 
company  the  Discussion. 
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Introduction 

Imagine  that  you  can  examine  a  copper  wire  greatly  magnified.  You  find  it  composed  of 
many  copper  atoms,  each  with  a  positive  nucleus  surrounded  by  electrons.  The  nucleus 
attracts  the  electrons  with  a  force  that  keeps  most  of  them  in  place,  but  a  few  of  the  outer 
electrons  are  less  tightly  bound.  For  this  reason  they  can  sometimes  be  induced  to  move. 
If,  for  example,  you  attach  the  ends  of  the  wire  to  the  terminals  of  a  dry  cell,  electrons  near 
the  negative  end  of  the  cell  are  repelled  from  it  and  those  near  the  positive  end  of  the  cell 
are  attracted.  Thus  many  electrons  start  to  move,  all  in  the  same  direction,  and  a  current 
exists  in  the  wire. 

Exactly  how  a  dry  cell  gets  to  be  positive  at  one  terminal  and  negative  at  the  other  is  a 
matter  involving  some  rather  complicated  chemistry.  In  this  investigation,  you  will  observe 
another  way  in  which  electrons  can  be  induced  to  move  in  a  conductor,  and  you  will  draw 
some  conclusions  about  the  laws  governing  electromagnetic  induction. 

The  investigation  is  in  two  parts.  In  the  first  part  you  will  investigate  the  ability  of  a 
permanent  magnet  to  cause  electrons  to  move  in  a  coil  of  wire.  In  the  second  part  you  will 
investigate  the  ability  of  a  current  in  one  conductor  to  induce  a  current  in  another  conductor 
insulated  from  the  first  one.  As  you  do  the  experiment,  be  looking  for  general  rules  that 
seem  to  describe  what  is  going  on.  At  the  end  you  should  be  able  to  state  two  rules,  or  laws, 
both  of  which  apply  to  both  parts  of  the  investigation. 

Equipment 

Galvanometer;  protective  resistors  (4000  to  50,000  SI)  if  galvanometer  is  not  protected; 
bell  wire;  dry  cell;  large  nail  (4  to  6  in.);  magnet  (bar  or  cylinder);  switch. 

A.  INDUCTION  BY  A  PERMANENT  MAGNET 

Procedure 

STEP  1  A  galvanometer  detects  small  currents  and  shows  their  direction.  Your  first 
problem  is  to  investigate  the  relationship  between  the  direction  in  which  the  galvanometer 
needle  deflects  and  the  direction  in  which  electrons  are  moving  through  the  instrument. 
Since  a  galvanometer  is  easily  damaged  by  too  large  a  current,  it  must  be  protected  for  this 
part  of  the  experiment.  Your  teacher  will  tell  you  whether  your  galvanometer  has  a  built-in 
protective  resistor  and  how  to  use  that  protection.  If  it  does  not,  put  a  protective  resistor  in 
series  with  the  galvanometer  and  connect  the  circuit,  as  shown  in  Fig.  28-1.  Record  in  your 
Data  Book  the  number  of  your  galvanometer. 

When  you  close  the  switch,  in  which  direction  do  electrons  move  through  your  galva¬ 
nometer  when  you  are  facing  the  dial?  When  you  close  the  switch,  in  which  direction  does 
the  needle  deflect?  When  the  galvanometer  needle  deflects  to  the  right,  in  which  direction 
are  electrons  moving  through  the  galvanometer  ? 
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Fig.  28-1  Circuit  to  test  direction 
of  current  in  the  galvanometer.  R 
may  be  omitted  if  the  galvanometer 
has  a  built-in  protective  resistance. 
Otherwise,  R  should  be  between 
5000  and  50,000  Q. 


STEP  2  Remove  the  protective  resistor  from  the  galvanometer.  Make  a  loose  coil  (4  to 
8  turns)  of  bell  wire  and  attach  the  ends  (which  should  be  long)  to  the  galvanometer,  as 
shown  in  Fig.  28-2.  Be  sure  to  have  the  direction  in  which  the  coil  is  wound  the  same  as  in 
the  diagram.  Insert  the  north  pole  of  a  magnet  into  the  end  of  the  coil  as  shown.  Do  not 
let  the  coil  move. 

What  happens  to  the  galvanometer  needle  when:  a)  The  north  pole  is  entering  the  coil? 
b)  The  north  pole  is  at  rest  in  the  coil?  c)  The  north  pole  is  pulled  out  of  the  coil?  d)  The 
north  pole  is  at  rest  outside  the  coil? 
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Fig.  28-2  The  coil  is  held  stationary,  and  the  N-pole 
of  the  magnet  approaches  the  coil  in  the  direction 
shown.  Be  sure  the  coil  is  wound  in  the  direction  shown 
in  the  diagram. 
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STEP  3  Now  hold  the  magnet  steady  and  move  the  coil  toward  it,  as  shown  in  Fig.  28-3. 
What  happens  when:  a)  The  coil  approaches  the  north  pole  of  the  magnet?  b)  The  coil  is 
stationary  with  the  north  pole  inside  it?  c)  The  coil  moves  away  from  the  north  pole? 
d)  The  coil  remains  stationary  outside  the  magnet? 
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Fig.  28-3  This  circuit  is  identical  with  the  circuit  of 
Fig.  28— 2,  except  that  the  N-pole  is  held  stationary, 
and  the  coil  is  moved  toward  it  in  the  direction  shown 
by  the  arrow. 
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STEP  4  Using  the  information  you  obtained  in  Step  1,  determine  the  direction  of  electron 
movement  in  the  coil  when  the  magnet  is  moving  as  shown  in  Fig.  28-2.  Copy  the  drawing 
and  add  arrows  to  show  the  direction  of  the  current.  Do  the  same  for  Fig.  28-3. 

STEP  5  As  you  learned  earlier,  a  current  in  a  coil  makes  an  electromagnet  of  the  coil. 
Use  the  hand  rule  that  applies  to  such  a  coil  to  determine  the  north  pole  of  the  coil  of 
Fig.  28-2;  then  mark  it  with  an  N  in  your  drawing.  Do  the  same  for  Fig.  28-3. 
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Discussion 

1.  From  your  data,  as  shown  in  the  drawings,  answer  these  questions: 

a)  If  the  north  pole  of  a  magnet  approaches  a  coil  of  wire,  what  kind  of  magnetic  pole 
is  induced  in  the  end  of  the  coil  closest  to  the  magnet? 

b)  Do  these  two  poles  attract  or  repel  each  other? 

c)  Does  the  force  between  the  poles  help  the  motion  or  hinder  it? 

d)  If  the  north  pole  of  a  magnet  moves  away  from  a  coil  of  wire,  what  kind  of  magnetic 
pole  is  induced  in  the  end  of  the  coil  closest  to  the  magnet? 

e)  What  is  your  evidence  for  the  statement  made  in  (d)? 

f)  Do  the  two  poles  described  in  (d)  attract  or  repel  each  other? 

g)  Does  the  force  between  the  poles  help  or  hinder  the  motion? 

2.  Under  what  conditions  will  a  magnet  induce  a  current  in  a  coil? 

3.  What  is  always  true  about  the  direction  of  the  induced  current? 


B.  INDUCTION  BY  A  CHANGING  CURRENT 


Procedure 

STEP  1  Wind  40  turns  of  bell  wire  tightly  around  a  large  nail  (4  to  6  inches  long)  and 
twist  the  ends  together  near  the  head  of  the  nail.  The  twisting  is  done  to  hold  the  wire  on 
the  nail,  not  to  make  a  connection.  Be  sure  the  twisted  part  of  the  wire  has  insulation  on  it. 
Wind  40  turns  of  another  piece  of  wire  in  the  same  direction  on  top  of  the  first  coil.  Twist 
the  ends  together  and  make  the  connections  shown  in  Fig.  28-4.  The  coil  connected 
to  the  dry  cell  is  called  the  primary;  the  other  is  the  secondary. 

What  happens  to  the  galvanometer  needle  in  the  secondary  circuit  when  the  switch  in  the 
primary  circuit  is:  a)  First  closed?  b)  Kept  closed?  d)  First  opened?  d)  Left  open? 

Is  current  induced  in  the  secondary  when  current  in  the  primary  is  increasing,  decreasing, 
steady,  or  0?  (List  all  possibilities.) 


Fig.  28-4  Two  coils,  insulated  from  each  other,  are  wound  on  the  same  core. 


\ 


\ 
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STEP  2  From  the  way  in  which  you  have  connected  your  dry  cell,  you  know  the  current 
direction  in  the  primary.  Does  this  current  make  the  head  of  the  nail  a  north  or  a  south 
magnetic  pole?  (Use  your  hand  rule.) 

From  the  deflection  of  the  galvanometer  needle,  you  know  the  direction  of  current  in  the 
secondary.  When  the  switch  is  first  closed  and  current  is  increasing  in  the  primary,  does  the 
current  in  the  secondary  tend  to  make  the  head  of  the  nail  a  north  or  a  south  magnetic  pole? 

Does  the  magnetic  field  created  by  current  in  the  secondary  help  or  hinder  the  growth 
of  the  magnetic  field  created  by  the  primary? 

STEP  3  When  the  switch  is  opened,  and  current  is  diminishing  in  the  primary,  does  the 
current  in  the  secondary  tend  to  make  the  head  of  the  nail  a  north  or  a  south  magnetic  pole? 

When  the  switch  is  opened,  does  the  magnetic  field  created  by  the  current  in  the  secondary 
help  or  hinder  the  decrease  of  the  magnetic  field  of  the  primary? 

Discussion 

1.  Under  what  conditions  will  a  current  in  a  wire  induce  a  current  in  another  wire  that  is 
insulated  from  the  first  one? 

2.  What  is  always  true  about  the  direction  of  the  induced  current? 

3.  What  was  the  situation  that  caused  current  to  be  induced  in  both  parts  of  the  experi¬ 
ment?  Give  a  single  general  cause. 

4.  What  is  always  true  about  the  direction  of  the  induced  current?  This  statement  is  known 
as  Lenz’s  law. 

5.  Show  that  the  answer  to  Discussion  Question  2  follows  from  the  law  of  conservation 
of  energy. 

6.  What  would  have  happened  in  Part  A  if  you  had  used  the  south  pole  of  the  magnet 
instead  of  the  north?  Try  it  out  if  you  have  time. 

7.  What  would  have  happened  in  Part  A  if  you  had  pushed  the  magnet  in  one  end  of  the 
coil  and  out  the  other?  Try  it  if  you  have  time. 

8.  What  would  have  happened  in  Part  B  if  instead  of  connecting  the  primary  to  a  switch 
and  dry  cell,  you  had  connected  it  to  an  alternating  current  source?  With  alternating 
current,  the  electrons  in  the  wire  travel  first  in  one  direction  and  then  in  the  other, 
without  getting  away  from  their  original  position  very  far.  Do  not  try  this.  It  would 
ruin  the  galvanometer. 
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A  Simple  Alternating-Current  Circuit 


Introduction 

If  you  place  a  coil  of  wire  in  a  dc  circuit,  the  resistance  of  the  coil  limits  the  flow  of  elec¬ 
trons.  If  you  put  the  coil  in  an  ac  circuit,  the  current  is  limited  not  only  by  the  resistance,  but 
also  by  the  back  emf  induced  in  the  coil.  The  ability  of  the  coil  to  produce  the  back  emf  is 
called  its  inductance.  The  opposition  of  the  coil  to  the  current  is  called  the  inductive  reactance 
and,  like  resistance,  is  measured  in  ohms. 

In  the  investigation  you  will  observe  the  behavior  of  a  simple  ac  circuit  containing  both 
resistance  and  inductance. 

In  a  simple  series  circuit,  containing  an  ac  source,  a  resistor,  and  an  inductor  (coil),  you 
should  observe  the  current  and  potential  difference  in  various  parts  of  the  circuit.  You 
have  learned  that  Kirchhoff’s  two  rules  apply  to  a  dc  circuit.  Do  they  also  apply  to  an  ac 
circuit?  By  observing  current  and  potential  difference,  can  you  determine  the  inductive 
reactance  of  your  coil  and  can  you  calculate  the  inductance? 

Equipment 

Ac  ammeter  and  voltmeter;  ohmmeter  or  dc  ammeter  and  voltmeter;  resistor;  inductor; 
switch;  lead  wire;  ruler;  protractor. 

Procedure 

Before  you  start  your  investigation,  be  sure  you  know  certain  facts  about  Kirchhoff's  rules, 
inductance,  and  inductive  reactance.  Answer  the  following  questions  and  have  the  answers 
checked. 

a)  If  Kirchhoff’s  rules  apply  to  ac  circuits,  how  should  Ir,  II,  and  It  in  Fig.  40-1  be 
related? 

b)  If  Kirchhoff’s  rules  apply  to  ac  cir¬ 
cuits,  how  should  VR,  Vl,  and  VT 
in  Fig.  29-1  be  related? 

c)  In  what  units  is  the  inductance  (L) 
of  a  coil  measured? 

d)  In  what  units  is  the  inductive  re¬ 
actance  ( XL )  measured? 

e)  What  equation  relates  inductive  re¬ 
actance  to  the  inductance? 


Fig.  29-1  A  simple  ac  circuit  containing 
resistance  and  inductance. 
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0  If  the  current  through  R  is  Ir,  then  VR  =  ? 

g)  The  coil  has  resistance  as  well  as  inductance.  The  combined  effect  of  these  two  is  called 
the  impedance  ( ZL )  of  the  coil.  If  the  current  through  L  is  Ir,  then  VL  =  ? 

h)  The  opposition  of  the  circuit  as  a  whole  to  the  current  is  called  its  impedance  (Z^). 
If  the  total  current  is  It,  then  VT  —  ? 

STEP  1  Wire  a  circuit  as  in  Fig.  29-1.  For  your  ac  source  use  commercial  current. 
Include  a  switch  in  the  circuit.  Since  you  can  get  a  shock  from  this  current,  do  not  touch 
any  uninsulated  wires  when  the  current  is  on.  Use  a  voltmeter  with  test  prods  to  check 
Vr  and  VL.  If  one  of  them  is  more  than  twice  as  big  as  the  other,  substitute  another  resistor 
or  another  coil. 

STEP  2  Measure  and  record  on  a  data  sheet  the  values  of  V  and  /  indicated  in  Fig.  29-1. 
Also  record  the  value  of  frequency  for  your  ac  (probably  60  cycles/sec). 

STEP  3  Use  your  data  to  calculate  R,  ZL,  and  ZT,  showing  the  method  and  results  clearly 
on  your  data  sheet. 

STEP  4  Measure  the  resistance  of  R  and  of  the  coil  in  a  dc  circuit.  On  the  data  sheet  show 
clearly  the  method  and  results. 


Discussion 

1.  Does  Kirchhofif’s  rule  about  current  apply  to  this  circuit?  What  is  the  evidence  for  your 
answer? 

2.  Does  Kirchhoflf's  rule  about  potential  difference  apply  to  this  circuit?  What  is  the 
evidence  for  your  answer? 

3.  You  have  studied  situations  in  physics  where  the  sum  of  several  quantities  is  not  ob¬ 
tained  by  simple  addition.  If  you  use  other  methods  for  adding  your  potential  differences, 
can  Kirchhoflf’s  rule  be  applied  to  an  ac  circuit?  Explain,  making  a  careful  scale  drawing 
using  your  data.  In  the  drawing  let  VR  be  represented  by  a  horizontal  line.  Label  the 
parts  of  the  drawing. 

4.  Does  R  as  calculated  from  the  ac  circuit  equal  R  as  calculated  from  the  dc  circuit?  If 
there  is  a  difference,  account  for  it. 

5.  In  a  resistor  in  an  ac  circuit,  the  current  and  potential  difference  are  in  phase  with  each 
other.  Therefore  in  your  drawing,  you  may  consider  the  direction  of  Vr  to  be  the  same 
as  the  direction  of  current.  Extend  the  Vr  line  and  label  the  extension  “current  direction.” 
You  have  probably  read  that  the  potential  difference  in  an  inductor  is  out  of  phase  with 
that  of  the  current  by  90°.  Do  you  find  that  the  angle  between  current  direction  and  VL 
in  your  drawing  is  90°?  If  not,  can  you  think  of  an  explanation  for  the  difference? 

6.  Find  components  of  VL  in  the  direction  of  the  current  and  at  a  90°  angle  to  it.  Use  these 
components  to  calculate  RL,  XL ,  and  L.  Does  Rr  agree  with  the  value  measured  in  the 
dc  circuit?  If  not  account  for  the  difference. 

7.  The  phase  angle,  d  (theta),  for  the  circuit  as  a  whole  is  the  angle  between  current  direction 
and  VT.  Measure  it  in  your  drawing. 


INVESTIGATION  30 


L  85 


8.  Show  with  a  diagram  that  the  total  impedance  of  an  ac  circuit  containing  R  and  L  in 
series  can  be  calculated  from  this  equation: 

Z  =  V  R2  +  X\ 

where  R  is  the  total  resistance  of  the  circuit. 

9.  Using  this  same  diagram,  determine  a  formula  from  which  you  could  calculate  the  phase 
angle  for  the  circuit  as  a  whole. 

For  Further  Investigation 

Repeat  the  experiment  with  a  capacitor  instead  of  an  inductor  in  the  circuit.  This  may 
create  more  difficulties  in  finding  appropriate  sizes  of  capacitors  and  resistors  so  that  the 
potential  difference  across  one  is  not  more  than  twice  that  across  the  other.  Many  capacitors 
used  in  radios  are  designed  for  much  higher  frequencies  than  commercial  ac  and  may  not 
be  large  enough  for  your  circuit.  Capacitors  that  are  large  enough  are  usually  electrolytic 
and  are  supposed  to  be  used  only  with  dc.  They  can  be  used  with  ac,  but  they  heat  up  in  a 
very  short  time  and  when  hot  may  explode,  scattering  a  jellylike  substance  around,  which  is 
messy.  To  avoid  this,  if  you  use  such  a  capacitor,  you  must  close  the  switch  only  for  a 
second  or  two  while  taking  a  meter  reading.  You  must  also  be  careful  not  to  touch  a  capaci¬ 
tor  after  you  have  used  it  in  your  circuit  unless  you  have  first  discharged  it,  as  it  may  give 
you  an  unpleasant  shock.  If  after  all  of  these  warnings,  you  are  still  interested,  go  to  it! 


Transformers 
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Introduction 

You  often  see  transformers  as  large,  bushel-sized  devices  on  power  line  poles,  or  as  even 
larger  units  on  the  ground  at  electric-power  distribution  stations.  In  the  house  small  trans¬ 
formers  are  often  used  to  operate  electric  toys  or  doorbells.  But  although  electric  trans¬ 
formers  are  very  common  and  essential,  you  may  not  know  just  what  they  do  or  how  they 
operate.  In  this  experiment  you  will  carry  out  controlled  observations  of  transformers  in 
action.  As  a  result,  you  will  have  a  better  idea  of  how  they  work  and  also  of  why  they 
are  important  in  power  distribution. 

A  transformer  usually  consists  of  two  coils  of  wire  wound  on  the  same  iron  core  but 
insulated  from  each  other.  One  coil  is  connected  to  a  source  of  emf  and  is  called  the  pri¬ 
mary.  The  other  is  connected  to  a  load  and  is  called  the  secondary.  In  Part  B  of  Investiga¬ 
tion  28  you  made  a  transformer  and  observed  what  happens  when  a  direct-current  emf  is 
used  in  the  primary.  In  this  investigation  you  will  use  an  alternating-current  source  in  the 
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primary  and  will  observe  what  happens  in  the  secondary.  You  will  see  how  the  result  is 
related  to  the  number  of  turns  in  the  primary  and  secondary  coils. 

Equipment 

Transformer  (commercial  or  homemade  as  in  Step  1);  ac  voltmeter. 

Procedure 

Before  you  start  your  investigation,  answer  these  questions  (reviewing  Investigation  39  if 
necessary) : 

a)  Under  what  conditions  will  a  current  in  the  primary  induce  a  current  in  the  secondary 
of  a  transformer? 

b)  If  you  used  ac  in  the  primary,  how  much  of  the  time  would  you  expect  current  to  be 
induced  in  the  secondary? 

STEP  1  You  should  have  a  transformer  for  which  you  know  the  number  of  turns  in  the 
primary  {Nx)  and  in  the  secondary  (N2).  If  necessary,  you  can  make  it  yourself  by  wrapping 
two  sets  of  turns  of  wire  around  a  soft  iron  core,  as  in  Fig.  28-4,  but  wind  the  turns  very 
close  together.  One  winding  should  have  not  less  than  30  turns,  and  the  other  between  two 
and  three  times  that  many.  Each  group  of  laboratory  partners  should  have  a  transformer 
with  a  different  set  of  values  for  Nx  and  N2. 

STEP  2  Use  the  circuit  of  Fig.  30-1  to  compare  the  potential  difference  across  the  primary 
with  that  across  the  secondary  when  there  are  more  turns  in  the  primary  than  in  the  second¬ 
ary  and  when  you  have  reversed  the  transformer.  Set  up  a  data  sheet  to  show  your  observa¬ 
tions  clearly,  including  the  values  of  /V)  and  N2  each  time. 


primary  coil  secondary  coil 

of  N i  turns  of  No  turns 


Fig.  30-1  Although  both  coils  are  wound  on  the  same  core,  the  symbol 
for  a  transformer  shows  them  separated.  The  lines  in  the  center  tell  that 
the  core  is  iron.  After  you  have  measured  the  emf  of  the  secondary,  you 
can  use  the  same  voltmeter  to  measure  the  potential  difference  across 
the  primary. 


Discussion 

1.  When  there  is  ac  in  the  primary,  how  much  of  the  time  is  there  an  induced  emf  in  the 
secondary? 

2.  When  is  the  potential  difference  in  the  secondary  greater  than  that  in  the  primary? 

3.  When  is  the  potential  difference  in  the  secondary  less  than  that  in  the  primary? 
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4.  Let  Vx  be  the  potential  difference  of  the  primary  and  V2  be  the  potential  difference  of  the 
secondary.  Compare  the  ratio  of  the  TV’s  (turns  ratio)  with  the  ratio  of  the  K’s  and  write 
an  equation  that  shows  the  probable  relationship  of  these  four  quantities  as  indicated 
by  your  experiment.  Take  into  account  the  fact  that  there  is  unavoidable  error  in  any 
measurement. 

5.  In  your  conclusions  you  created  an  equation  on  the  basis  of  two  sets  of  data  only.  This 
is  hardly  enough  information  for  you  to  be  sure  the  equation  is  a  good  one.  Collect  data 
from  other  students  who  had  different  turns  ratios.  Do  their  data  agree  with  your  equa¬ 
tion  when  you  take  experimental  error  into  account?  Give  the  data  in  your  answer 
to  this  question. 

6.  Why  is  an  electric  transformer  usually  used  with  ac? 

7.  When  electric  power  is  transmitted  long  distances,  some  of  the  power  is  lost  as  heat  in 
the  lines.  The  power  lost  in  this  way  is  I2R,  where  /  is  the  current  in  the  line  and  R  is 
the  resistance  of  the  transmission  lines.  Obviously  the  power  loss  will  be  small  if  /  is 
small.  How  does  the  use  of  transformers  make  it  possible  to  keep  /  small  and  yet 
transmit  a  great  deal  of  power  over  long  lines? 

For  Further  Investigation 

1.  Test  the  efficiency  of  a  small  step-down  transformer  operated  from  a  120-volt  line,  one 
such  as  an  electric  train  or  a  door-bell  transformer.  To  do  this,  load  the  secondary  with 
a  normal  load  and  measure  the  power  (with  an  ac  wattmeter)  in  the  primary  and  second¬ 
ary  circuits.  Well-designed  transformers  of  large  size  often  have  efficiencies  in  excess  of 
99%.  How  does  your  small  one  compare  with  this  standard? 

2.  Use  a  commercially  constructed  transformer  (such  as  the  one  used  in  Item  1  above)  to 
measure  the  power  consumed  in  the  primary  circuit  when  the  secondary  circuit  is  open 
and  when  it  is  used  to  ring  a  doorbell  or  run  a  train.  From  this  observation,  can  you 
tell  whether  or  not  it  is  poor  economy  to  have  a  bell-ringing  transformer  for  a  doorbell 
hooked  across  a  120-volt  ac  house  electric  system  24  hours  a  day,  every  day  of  the  year? 
Account  for  the  difference  in  power  consumption  in  the  two  cases. 


The  Vacuum-Tube  Rectifier 
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Introduction 

Although  commercial  power  is  distributed  as  ac,  there  are  many  devices  that  require  dc. 
Electroplating  and  electrolytic  refining  of  metals,  charging  of  storage  batteries,  the  oper¬ 
ation  of  certain  kinds  of  motors  and  of  electronic  circuits  in  radio  and  television  all  use 
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direct  current.  In  some  cases  the  dc  is  provided  by  generators  run  by  ac  motors.  In  most 
cases,  however,  ac  is  converted  to  dc,  or  rectified,  often  by  means  of  electron  tubes.  The 
purpose  of  this  investigation  is  to  allow  you  to  become  acquainted  with  the  behavior  of 
the  vacuum-tube  rectifier. 

The  basic  principle  that  underlies  the  operation  of  electron  tubes  is  that  metallic  surfaces, 
when  heated,  throw  off  (emit)  some  of  their  free  electrons.  For  this  emission  to  be  contin¬ 
uous,  however,  two  provisions  must  be  made: 

a)  The  emitting  electrode  must  be  connected  to  the  negative  terminal  of  a  dc  source  so 
that  the  emitted  electrons  can  be  replaced. 

b)  The  emitted  electrons  must  be  removed  from  the  vicinity  of  the  emitting  electrode. 
This  is  done  by  placing  a  cold  electrode  near  the  hot  emitting  electrode  and  connecting 
it  to  the  positive  terminal  of  the  same  dc  source.  Emitted  electrons  are  naturally  at¬ 
tracted  to  it  and  then  conducted  away. 

These  connections  are  illustrated  in  Fig.  31-1.  The  emitting  electrode  is  called  the 
cathode,  and  the  other  is  called  the  anode,  or  more  commonly,  the  plate.  Both  electrodes 
are  enclosed  in  a  high  vacuum  or  sometimes  in  a  low-pressure  gas.  Because  this  tube  con¬ 
tains  two  electrodes,  it  is  called  a  diode. 

Your  problem  is  to  experiment  with  this  diode  when  an  ac  source  is  substituted  for  the 
B  battery. 


cathode  is  heated 
by  separate  source 
of  electric  energy 


(A  battery)  (B  battery) 


Fig.  31-1  This  diagram  sum¬ 
marizes  the  conditions  neces¬ 
sary  to  maintain  continuous 
electron  emission. 


Equipment 

Circuit  elements  as  indicated  in  Fig.  31-3  (See  Step  1  for  tube  numbers);  high-impedance 
dc  voltmeters  with  test  prods  in  ranges  0-500  V  and  0-200  V ;  neon  glow  lamp  and  socket. 
For  Further  Investigation:  oscilloscope;  5-microfarad  (juF)  or  greater  capacitor. 
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Procedure 


STEP  1  Typical  modern  rectifier  tubes  include  the  5Y3,  5U4,  and  5T4.  Terminal  con¬ 
nections  for  these  tubes  are  shown  in  Fig.  31-2.  These  diagrams  are  shown  from  the  bottom 
view.  Examine  your  tube  and  identify  the  connections. 

STEP  2  Use  one  of  these  tubes  to  con¬ 
struct  the  simple  rectifier  circuit  shown  in 
Fig.  31-3.  Note  that  it  is  supplied  by  a  120- 
volt  ac  line  and  that  a  10,000-ohm  resistor 
is  in  series  with  the  tube  circuit.  Any  elec¬ 
trons  that  flow  through  the  tube  must  also 
flow  through  this  resistor,  called  the  load. 

STEP  3  After  your  circuit  has  been 
checked  by  your  instructor,  close  the 
switches  and  adjust  the  A-battery  rheostat 
so  that  the  cathode  filament  is  supplied 
with  a  5-V  potential  difference.  Use  a  high- 
impedance  dc  voltmeter  with  about  a  500-V 
range  to  determine  the  polarity  of  the  potential  difference  to  the  load.  Carefully  apply  the 
leads  of  the  instrument  across  the  load.  If  the  meter  deflects  normally,  the  polarity  is  as 
indicated  by  the  meter.  If  the  meter  deflects  backwards,  quickly  remove  it;  in  this  case  the 
polarity  of  the  potential  difference  across  the  load  is  opposite  to  that  indicated  by  the  meter. 
Copy  Fig.  31-3  and  mark  the  ends  of  the  load  resistor  -j-  or  —  to  indicate  the  polarity 
shown  by  the  meter. 


tube  connections  for 
5Y3,  5U4,  and  5T4 

cathode  2,  8 
plates  4,  6 


Fig.  31-2  Each  of  the  tubes  has  two  plates. 
For  this  investigation  they  should  be  con¬ 
nected  together  and  used  as  one  plate. 


10,000 

load 


Fig.  31-3  This  circuit  is  used  to  study  the  behavior  of  a  rectifier. 


STEP  4  Connect  a  neon-type  glow  lamp  across  the  ac  supply,  and  again  across  the  load 
resistor.  In  which  case  does  only  one  of  the  electrodes  of  this  lamp  appear  to  glow?  In 
which  case  have  you  placed  the  lamp  across  a  direct  potential  difference? 

STEP  5  Connect  a  high-impedance  voltmeter  of  200-volts  dc  range  across  the  load.  What 
is  the  potential  difference  indicated  by  this  instrument?  Now  observe  the  dc  voltmeter 
across  the  load  resistor  carefully  as  you  open  the  filament  switch.  Do  you  find  that  the 
potential  difference  drops  to  0  at  once  or  gradually?  Reconnect  the  A  battery  and  then 
open  the  ac  supply  switch  as  you  watch  the  meter.  What  are  the  results? 
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Discussion 

1.  Is  current  in  the  load  resistor  ac  or  dc?  How  do  you  know? 

2.  Does  the  direction  in  which  the  electrons  travel  through  the  load  agree  with  what  was 
said  in  the  introduction  about  the  operation  of  the  tube?  Give  reasons  for  your  answer. 

3.  What  must  be  the  relative  polarity  of  the  cathode  and  the  plate  in  order  for  the  tube  to 
pass  a  flow  of  electrons?  In  the  circuit  of  Fig.  31-3  is  this  condition  true  all  the  time, 
half  the  time,  or  some  other  fraction  of  the  time?  Would  you  expect  the  current  in  the 
load  to  be  a  steady  dc  or  an  irregular  dc?  Give  reasons  for  your  answer. 

4.  Does  the  6-V  battery  contribute  any  electrons  to  the  tube  circuit  through  the  load,  or 
does  it  serve  only  to  heat  the  cathode?  Explain,  giving  your  evidence. 

5.  A  diode  rectifier  is  used  in  series  with  a  120-V  ac  supply  line  to  provide  charging  current 
for  a  bank  of  storage  batteries.  Draw  a  diagram  of  the  circuit,  including  the  ac  source, 
the  diode  with  its  cathode  filament  heating  supply,  and  the  batteries  to  be  charged. 

6.  An  experimenter  wishes  to  use  a  diode  in  series  with  a  dc  meter  to  measure  values  in  an 
ac  circuit.  Should  the  cathode  terminal  of  the  tube  be  connected  to  the  positive  terminal 
or  the  negative  terminal  of  the  meter  movement?  Why? 

7.  The  half-wave  rectifier  of  Fig.  31-3  is  often  called  an  ac-dc  power  supply  because  a  radio 
or  other  device  with  this  circuit  may  be  used  either  with  ac  or  dc.  Explain  how  it  must 
be  connected  in  order  to  operate  from  a  120-V  dc  power  line. 

8.  Many  vacuum  tubes  have  an  indirectly  heated  cathode  (Fig.  31-4).  What  is  the  ad¬ 
vantage  of  this  arrangement  in  a  radio? 


Fig.  31-4  This  diagram  shows  the  struc¬ 
ture  of  an  indirectly  heated  cathode.  The 
heater  (twisted  wire)  receives  power  from 
a  separate  source,  usually  alternating 
current,  and  is  insulated  from  the  surround¬ 
ing  cylindrical  cathode.  In  the  symbol  for 
this  type  of  cathode  K  stands  for  cathode 
and  H  for  heater. 

0 

For  Further  Investigation 

To  be  done  only  after  the  completion  of  Investigation  33,  The  Oscilloscope. 

1.  Use  an  oscilloscope  to  examine  the  wave  form  of  the  potential  difference  across  the  load 
resistor.  Does  your  observation  make  the  term  “half-wave  rectifier”  seem  appropriate? 
Now  add  a  capacitor  filter  (5  juF  or  more),  then  an  L  filter,  then  a  pi-filter  (Fig.  31-5). 
Make  drawings  to  show  the  wave  form  in  each  case.  What  is  the  purpose  of  a  filter  in  a 
rectifier  circuit? 
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2.  Follow  a  standard  diagram 
and  make  a  full-wave  recti¬ 
fier.  What  additional  parts 
are  needed?  Examine  the 
wave  form  with  an  oscillo¬ 
scope  with  and  without  the 
filters  ofFig.  31-5.  Compare 
the  results  with  those  for  the 
half-wave  rectifier. 


Fig.  31-5  These  diagrams 
show  how  filters  are  connected 
in  a  rectifier  circuit.  For  sim¬ 
plicity,  the  circuit  that  heats 
the  cathode  has  been  omitted. 


capacitor 

filter 


“L”  filter 


“pi”  filter 
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The  Three-Electrode  Vacuum  Tube 


Introduction 

The  diode  tube  changes  ac  to  dc  by  permitting  electrons  to  flow  in  one  direction  and  by 
preventing  them  from  flowing  in  the  opposite  direction.  Many  applications  of  electronics, 
however,  require  that  not  only  the  direction,  but  also  the  magnitude  of  electron  flow  be 
controlled — a  control  that  becomes  possible  when  a  third  electrode  is  added  to  the  tube, 
which  is  then  called  a  triode. 

In  this  investigation  you  will  observe  the  behavior  of  a  triode,  particularly  its  behavior 
as  an  amplifier. 

Equipment 

The  equipment  is  shown  in  Fig.  32-2  for  Part  A  and  Fig.  32-3  for  Part  B. 
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Procedure 


The  structure  of  a  triode  is  shown  in  Fig.  32-1.  The  third  electrode,  called  the  grid,  is 
made  of  an  open  mesh  or  a  loosely  wound  spiral  and  is  placed  between  the  cathode  and  the 
plate,  quite  close  to  the  cathode.  Figure  32-2  shows  how  such  a  tube  may  be  connected 
in  a  circuit. 


Fig.  32-1  a.  Diagram  of  a  typical 
triode,  showing  the  cathode  (thin  cen¬ 
tral  cylinder),  grid  (spiral  wire),  and 
plate  (outer  cylinder).  In  an  actual 
tube  all  of  this  is  encased  in  a  glass  or 
metal  envelope.  Note  that  the  grid  is 
much  closer  to  the  cathode  than  is  the 
plate.  Consequently,  the  grid  potential 
has  more  influence  on  current  through 
the  tube  than  has  the  plate  potential, 
b.  Symbol  used  for  a  triode. 


K 


Before  you  start  your  investigation,  determine  for  yourself  some  of  the  behavior  of  such  a 
tube  by  answering  the  following  questions  based  on  Fig.  32-2: 

a)  At  the  start  the  grid  is  at  the  same  potential  as  the  cathode.  (This  can  be  accomplished 
by  moving  the  contact  of  the  grid  rheostat  all  the  way  to  the  right  in  the  diagram.) 
The  plate  is  positive  with  respect  to  the  cathode.  The  grid  is  mostly  empty  space, 
therefore,  electrons  can  readily  pass  through  it.  In  what  direction  will  electrons  move 
in  the  tube? 

b)  Now  suppose  the  plate-to-cathode  potential  difference  ( Vp )  is  increased  (by  moving 
the  contact  of  the  plate  rheostat  to  the  right  in  the  diagram),  making  the  plate  more 
positive.  What  should  happen  to  the  plate  current  (If)  registered  by  the  ammeter? 

c)  Now  suppose  the  grid  is  made  very  slightly  negative  with  respect  to  the  cathode.  It  is 
then  said  to  have  a  negative  grid  bias  ( Vg ).  How  does  this  affect  the  plate  current? 

d)  With  a  negative  grid  bias,  would  you  expect  that  there  would  be  current  in  the  grid 
circuit? 

e)  As  the  negative  grid  bias  is  increased,  what  would  you  expect  to  happen  to  the  plate 
current  (7P)? 

f)  What  two  changes  in  the  circuit  can  cause  changes  in  the  plate  current? 

g)  Which  would  you  expect  to  produce  a  greater  change  in  the  plate  current,  a  change  of 
10  V  in  Vg  or  a  change  of  10  V  in  Vp?  Why? 

h)  Now  suppose  the  grid  is  a  bit  negative  (perhaps  —  4  V),  but  not  negative  enough  to 
stop  the  plate  current.  You  insert  into  the  grid  circuit  a  phonograph  pickup  that 
generates  a  very  tiny  alternating  emf  (less  than  1  V),  having  the  frequency  of  the 
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sound  recorded  on  the  record  disk.  If  the  frequency  of  the  sound  was  500  cycles  per 
second,  what  would  happen  to  the  plate  current? 

In  Part  A  of  this  investigation  you  will  test  the  accuracy  of  your  answers  to  Questions  (b) 
(§)»  in  Part  B  you  will  explore  the  possibilities  indicated  by  your  answer  to  Question  (h). 

A.  FACTORS  THAT  INFLUENCE  THE  SIZE  OF  THE  PLATE  CURRENT  OF  A  TRIODE 

STEP  1  Set  up  the  circuit  shown  in  Fig.  32-2.  Instead  of  batteries,  you  may  be  given 
variable  dc  power  supply  units  that  plug  into  the  ac  outlet.  These  are  rectifiers  similar  to 
the  one  you  studied  in  Investigation  31,  although  they  may  contain  a  different  type  of  diode. 

STEP  2  Try  each  of  the  circuit 
changes  indicated  in  Questions 
(a)-(g)  above  and  record  your 
observations  on  a  suitable  data 
sheet. 

STEP  3  With  the  grid  bias  set 
at  —8  V,  adjust  Vp  until  Ip  is  10 
mA.  Now  change  Vg  to  —6  V, 
a  change  of  2  volts  in  the  grid 
bias.  What  happens  to /p?  How 
much  must  you  now  change  Vp  in 
order  to  bring  the  plate  current 
back  to  10  mA?  Record  this 
information  on  your  data  sheet. 


Discussion 

1.  When  Vp  is  increased,  what  is  the  effect  on  the  plate  current? 

2.  As  the  negative  grid  bias  is  slowly  increased,  what  is  the  effect  on  the  plate  current? 
Is  there  a  cut-off  point? 

3.  Which  has  more  effect  on  the  plate  current,  a  small  change  in  grid  bias  or  a  change  of 
the  same  size  in  Vp?  What  is  your  evidence? 

4.  The  amplification  factor  of  a  tube  may  be  defined  thus: 

the  change  in  Vp  that  produces  a  certain  change  in  Ip 

/j.  (mu)  =  - ’ 

the  change  in  Vg  that  reverses  the  change  in  Ip 


direction  of 
electron  flow 


milliammeter 


Fig.  32-2  This  circuit  makes  it  possible  to  study  the 
control  characteristics  of  a  triode  grid.  The  heater 
connections  to  the  cathode  are  not  shown. 


What  is  the  amplification  factor  for  your  tube?  Show  your  method  on  the  data  sheet. 
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B.  THE  TRIODE  AS  AN  AMPLIFIER 

STEP  1  Use  your  tube  in  the  simple  amplifier  circuit  shown  in  Fig.  32-3.  Adjust  the 
resistor  in  the  cathode  circuit  so  that  Vg  is  —8  V.  What  is  the  approximate  size  of  the  cath¬ 
ode  resistor  for  this  adjustment? 


STEP  2  Now  place  the  phonograph  pickup  needle  on  a  spinning  phonograph  record  and 
note  the  results  in  the  earphones.  Disconnect  the  earphones  and  place  them  directly  across 
the  terminals  of  the  phonograph  pickup.  What  difference  do  you  note  in  the  volume  of  the 
sound  produced? 

STEP  3  Replace  the  earphones  in  the  output  circuit  of  the  amplifier.  Now  adjust  the 
cathode  resistor  so  that  Vg  is  0.  How  does  the  output  now  sound? 

STEP  4  Adjust  Vg  to  20-30  V  (this  will  require  a  cathode  resistor  greater  than  10  K). 
Now  how  does  the  output  sound? 

STEP  5  Listen  to  a  phonograph  record  through  your  amplifier  and  while  listening,  place 
an  electrolytic  capacitor  in  parallel  with  the  cathode  resistor,  connecting  the  negative  end  of 
the  capacitor  to  ground  and  its  positive  end  to  the  cathode  itself.  What  difference  do  you 
notice  in  the  sound  produced  in  the  earphones? 

STEP  6  While  you  are  listening  to  the  amplifier,  disconnect  the  leads  to  the  tube  heater. 
Does  the  sound  in  the  earphones  cease  immediately  or  gradually? 

Discussion 

1.  Does  the  circuit  of  Fig.  31-3  amplify  the  signal  from  the  phonograph  pickup?  What  is 
your  evidence? 

2.  What  are  some  of  the  factors  that  influence  the  ability  of  the  circuit  to  produce  a  satis¬ 
factory  amplified  output  signal?  Under  what  conditions  did  this  circuit  operate  best? 

3.  How  do  you  account  for  the  behavior  noticed  in  Steps  5  and  6? 
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4.  Why  is  it  not  necessary  to  have  a  direct  electrical  connection  between  the  heater  and  the 
cathode  of  the  tube  in  Figs.  32-2  and  32-3  ? 

5.  What  is  the  source  of  the  energy  that  comes  from  the  earphones  as  sound  energy  when  the 
earphones  are  connected  as  in  Fig.  32-3  ?  Does  any  of  this  output  energy  come  from  the 
phonograph  pickup? 

6.  What  is  the  source  of  the  energy  of  the  signal  put  out  by  the  phonograph  pickup? 

7.  Is  it  more  correct  to  say  that  a  triode  makes  a  small  signal  larger,  or  that  it  permits  a 
small  energy  source  to  control  a  larger  one?  Give  reasons  for  your  answer. 

8.  Why  is  it  undesirable  for  the  grid  bias  of  an  amplifier  tube  to  be  positive? 

9.  Why  does  it  take  a  half  minute  or  more  for  the  average  household  radio  to  play  after  the 
switch  is  turned  on?  Why  does  a  transistor  radio  not  have  this  delay? 


The  Oscilloscope 
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Introduction 

If  you  did  Investigation  19  in  “Fundamentals  of  Physics”  (Characteristics  of  Musical 
Sound),  you  are  already  familiar  with  the  oscilloscope.  In  that  investigation  the  oscillo¬ 
scope  graphed  the  wave  form  of  various  musical  sounds.  While  that  use  of  the  oscillo¬ 
scope  is  interesting,  this  instrument  is  more  widely  used  as  a  tool  in  electronics.  As  you 
perform  this  experiment,  you  will  learn  something  of  the  ways  in  which  an  oscilloscope 
can  be  used. 

The  heart  of  an  oscilloscope  is  a  cathode-ray  tube  (Fig.  33-1).  The  tube  contains  a 
cathode  especially  designed  to  emit  electrons  in  one  particular  direction.  It  has  one  or  more 
anodes  which  attract  electrons.  Each  anode  is  a  cylinder  with  a  hole  at  one  end.  Electrons 
coming  at  great  speeds  down  the  axes  of  the  cylinders,  shoot  through  the  holes  and  strike 
the  end  of  the  tube,  making  a  glowing  spot  on  the  fluorescent  material  painted  there. 
Between  the  cathode  and  anode  is  a  grid  that  controls  the  intensity  of  the  beam.  The 
cathode,  anode,  and  grid  make  up  what  is  called  the  electron  gun  of  the  tube. 
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Fig-  33-1  This  is  a  simplified  diagram  of  a  cathode-ray  tube,  as  used  in  oscilloscopes. 
The  inside  of  the  tube  is  coated  with  a  thin  layer  of  carbon  so  that  electrons  that  strike 
the  tube  face  leak  back  to  the  positive  terminal  of  the  power  supply. 


So  far  the  tube  is  not  very  different  from  a  triode,  except  for  the  glowing  screen.  How¬ 
ever,  the  cathode-ray  tube  also  has  two  pairs  of  deflection  plates,  as  you  can  see  in  the 
diagram.  Imagine  a  stream  of  electrons  moving  rapidly  between  the  two  plates  that  are  set 
horizontally  in  the  tube.  If  the  upper  plate  is  positive  and  the  lower  one  negative,  the 
stream  will  be  deflected  toward  the  upper  plate.  The  spot  on  the  end  of  the  tube  will  shift 
upward.  Now  if  the  polarity  of  the  plates  is  reversed,  the  spot  shifts  downward.  These 
plates  are  called  vertical  deflection  plates  (the  plates  are  horizontal,  but  the  deflection  they 
produce  is  vertical).  The  other  pair  of  plates  works  in  the  same  way,  but  causes  the  spot  to 
move  horizontally;  they  are  called  horizontal  deflection  plates. 

As  you  operate  the  oscilloscope,  try  to  understand  its  behavior  in  terms  of  the  structure 
described  above. 

Equipment 

Cathode  ray  oscilloscope;  doorbell  transformer;  rheostat  (or  potentiometer);  ac  volt¬ 
meter. 

Procedure 

STEP  1  Examine  the  knobs  and  dials  on  the  instrument  and  locate  the  following:  a)  on 
and  off  switch  or  switches;  b)  controls  for  position  of  horizontal  and  vertical  deflections; 
c)  controls  for  amplitude  of  horizontal  and  vertical  deflections  (gain  controls);  d)  focus  and 
intensity  controls;  e)  sweep  circuit  (or  linear  time  base)  controls;  f)  a  switch  that  determines 
whether  the  sweep  circuit  is  used  or  not;  g)  vertical-axis  input  terminals;  horizontal-axis 
input  terminals. 

STEP  2  Turn  power  on.  Turn  sweep  circuit  on.  If  you  do  not  see  a  light  on  the  screen  in 
a  few  seconds,  turn  the  intensity  knob  until  you  do.  Never  permit  a  stationary  spot  to  remain 
on  the  screen,  as  this  will  damage  the  screen.  If  such  a  spot  occurs,  turn  the  intensity  knob 
down  or  widen  the  spot  to  a  line  with  one  of  the  gain  controls.  Use  the  horizontal  gain  con¬ 
trol  to  make  the  beam  almost  as  wide  as  the  screen.  Use  the  two  position  controls  to  center 
it.  Focus  the  beam. 


INVESTIGATION  33 


L  97 


STEP  3  Find  the  sweep-control  knob  that  regulates  the  frequency  of  the  sweep  and  make 
the  frequency  as  low  as  possible.  You  will  see  a  single  dot  moving  across  the  screen  from 
left  to  right.  It  then  moves  back  from  right  to  left,  but  too  fast  for  you  to  see  it  go.  During 
its  left-to-right  trip,  does  the  spot  appear  to  move  with  uniform  speed  or  nonuniform  speed? 
If  you  were  unable  to  slow  the  spot  sufficiently  for  this  observation,  record  that  fact  in  your 
Data  Book. 

STEP  4  Increase  the  sweep  frequency  to  20  or  more  sweeps  per  second.  What  do  you  see? 

STEP  5  Suppose  that  you  have  adjusted  the  sweep  oscillator  so  that  the  dot  moves  across 
the  screen  in  a  tenth  of  a  second.  Now  imagine  that  you  have  connected  a  varying  potential 
difference  across  the  vertical  deflection  plates,  one  that  makes  the  upper  plate  positive  once 
every  0.01  sec.  What  effect  will  this  have  on  the  position  of  the  dot  as  it  travels  once  across 
the  tube?  Will  it  produce  the  same  effect  on  the  second  trip  across,  or  will  it  be  different? 
Be  sure  you  understand  the  answers  to  these  questions  before  you  proceed. 

STEP  6  Connect  the  low-voltage  side  of  a  transformer  to  the  vertical-input  terminal  and 
ground.  Plug  the  transformer  into  the  ac  outlet.  Adjust  the  sweep  circuit  frequency  and 
the  vertical-gain  control  until  you  have  exactly  one  sine  curve  cycle  on  the  screen.  When 
you  have  done  this,  what  is  the  frequency  of  the  sweep  oscillator? 

Readjust  for  two  and  for  three  cycles.  What  are  the  sweep  frequencies  in  these  cases? 

What  kind  of  pattern  do  you  expect  on  the  screen  for  a  sweep  frequency  of  120  cycles  per 
second?  Attempt  to  obtain  this  pattern  and  show  it  to  the  instructor. 

STEP  7  Readjust  the  sweep  to  show  one  complete  sine  wave.  Disconnect  the  transformer. 
Attach  a  lead  wire  to  the  vertical-input  terminal  {not  to  the  ground )  and  hold  the  other  end 
in  your  hand.  What  do  you  observe? 

STEP  8  Turn  off  the  sweep  circuit  oscillator  and  connect  a  second  low-voltage  transformer 
to  the  horizontal  input  terminal  and  ground.  Draw  the  patterns  you  see  on  the  screen  as 
you  move  the  vertical  gain  control.  These  patterns  are  typical  of  the  two  ac’s  that  are  of 
the  same  frequency  and  in  phase  with  each  other. 

STEP  9  With  a  rheostat  (or  potentiometer)  and  transformer,  set  up  a  variable  voltage 
across  the  vertical  input  terminals  of  the  oscilloscope  (Fig.  33-2).  Reduce  the  horizontal 
deflection  to  0.  On  a  data  sheet  record  the  length  of  the  line  on  the  oscilloscope  for  various 
values  of  V. 


Discussion 

1.  The  motion  you  observed  in  Step  3  is  controlled  by  a  changing  potential  difference 
between  the  horizontal  deflection  plates.  What  kind  of  change  in  potential  difference 
between  these  plates  will  produce  the  kind  of  motion  you  observed? 
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2.  Account  for  the  appearance  of  the  oscilloscope  screen  in  Step  4. 

3.  How  might  an  oscilloscope  be  used  to  detect  the  frequency  of  an  alternating  voltage? 

4.  Account  for  the  observation  made  in  Step  7. 

5.  How  might  an  oscilloscope  be  used  as  a  voltmeter?  How  might  you  make  the  voltmeter 
very  sensitive? 

6.  In  order  for  the  scope  to  make  a  sine-wave  graph  of  an  ac,  why  must  you  use  the  sweep 
circuit  for  the  horizontal  deflection? 

7.  In  order  to  show  clearly  the  wave  form  of  a  signal,  what  adjustments  do  you  have  to 
make  in  the  sweep  circuit? 

For  Further  Investigation 

1.  Follow  the  suggestions  described  in  Investigation  31  under  the  section  For  Further 
Investigation. 

2.  Use  a  transformer  on  the  horizontal  input  and  a  variable-frequency  oscillator  on  the 
vertical  input.  Study  and  sketch  the  patterns  when  the  ratio  of  the  two  frequencies  is 
1 : 1 ;  2 : 1 ;  3 : 1 ;  3 : 2,  etc.  These  are  called  Lissajous  figures. 

3.  The  equation  for  the  ac  on  the  vertical  axis  of  the  scope  may  be  written  as  y  =  A  sin  6 
where  A  is  the  amplitude  and  6  is  the  phase  angle.  If  you  have  on  the  horizontal  axis  an 
ac  with  the  same  frequency  as  the  ac  on  the  vertical  axis  and  in  phase  with  the  first  ac, 
its  equation  is  x  =  B  sin  d.  Prove  that  a  combination  of  these  two  should  produce  a 
straight  line. 

If  the  horizontal  ac  is  90°  out  of  phase  with  the  vertical  one,  but  both  have  the  same 
frequency,  its  equation  is  x  =  B  cos  6.  Prove  that  this  combination  should  produce  a 
circle  when  A  =  B,  and  an  ellipse  when  A  ^  B. 
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Scientific  notation  simplifies  the  writing  of  numbers  by  using  powers  of  10.  For  example: 

1000  =  10-  10-  10  -  103 
1,000,000,000,000.000  =  10 15 

Now  suppose  you  wish  to  write  6,147,300,000  in  this  way.  You  could  write: 

61,473  X  100,000  =  61,473  X  105 
or 

6.1473  X  1,000,000,000  =  6.1473  X  109 


Notice  that  the  exponent  5,  in  the  first  case,  is  the  number  of  places  that  the  decimal  point 
was  moved  to  the  left  in  6,147,300,000  to  arrive  at  61,473.  Similarly,  the  decimal  point  was 
moved  9  places  to  the  left  in  the  second  case.  Both  of  these  ways  of  writing  the  large  number 
are  correct,  but  the  second  form  is  usually  preferred. 

Very  small  numbers  can  be  handled  similarly: 


0.00043278 


4.3278 

10000 

4.3278 

104 


=  4.3278  X  10-4 


Here  the  exponent  equals  the  number  of  places  the  decimal  point  was  moved  to  the  right. 
Try  performing  the  following  operations: 


6,130,000,000,000  X  0.000000374  X  45 
2,700,000,000  X  0.00000000034  X  2300 

First,  simplify  by  writing  each  factor  in  scientific  notation. 


6.13  X  1012  X  3.74  X  10~7  X  4.5  X  101  _  0 
2.7  X  109  x  3.4  X  10-io  x  2.3  X  103  ~  ' 

Now  gather  like  factors  and  combine. 

6.13  X  3.74  X  4.5  X  1012  X  10-7  X  101  _  6.13  X  3.74  X  4.5  X  104 
2.7  X  3.4  X  2.3  X  109  x  10-i°  X  103  ~  2.7  X  3.4  X  2.3 


In  this  way  there  is  no  wasted  effort,  and  the  arithmetic  is  much  simpler.  You  may,  of 
course,  use  either  slide  rule  or  logarithms  when  you  have  reduced  the  expression  to  the 
last  step. 


Practice  Problems 

1.  Simplify  each  of  the  following: 


2  „3 


(a)  a  a 


(b) 


a 
a 2 


(c) 


a 

a3 


(d) 


aW 

ab4c2 
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(e)  2  X  102  X  6  X  l<T3  X  3  X  104  (f)  3  *  ^  ^  *5‘° 

2.  Write  in  scientific  notation: 

(a)  141,000  (b)  0.073  (c)  0.00013500 

(d)  48,160,000,000  (e)  2,000,000  (f)  0.015903 

3.  Set  up  in  scientific  notation  and  solve: 

(a)  A  light  year  is  186,000  X  3600  X  24  X  365  miles 

(b)  The  number  of  wavelengths  of  red  light  in  1  inch  is 

1 

0.00000065  X  39.37 

(c)  The  wavelength  of  a  station  broadcasting  at  1340  kilocycles  is 


300,000,000 

1,340,000 


meters 
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Significant  Digits 


On  page  L6  of  Investigation  2,  you  find  the  rule:  Record  all  the  digits  of  which  you  are 
certain ,  plus  one  that  you  estimate.  Suppose  that  you  measure  the  length  of  a  table  with  a 
meter  stick  and  find  that  it  lies  between  158.6  cm  and  158.7  cm.  You  estimate  that  the  end 
of  the  table  is  3/10ths  of  the  way  between  two  of  the  millimeter  marks,  and  therefore  record 
the  length  as  158.63  cm.  Your  measurement  is  said  to  have  five  significant  digits,  the  last 
of  which  is  a  doubtful  digit. 

The  position  of  the  decimal  point  in  a  number  has  nothing  to  do  with  the  number  of 
significant  digits.  For  example,  256,3.50,  and  0.00215  all  have  three  significant  digits. 
The  0  in  the  second  number  tells  you  that  the  measurement  is  more  likely  to  be  3.50  than 
3.49  or  3.51.  The  0’s  in  0.00215  merely  locate  the  decimal  point. 

If  the  recorded  number  is  21,000,  you  cannot  tell  by  inspection  whether  there  are  as 
many  as  five  significant  digits  or  as  few  as  two.  In  such  a  case,  the  number  should  be  written 
in  scientific  notation:  2.10  X  104  means  that  there  are  three  significant  digits,  whereas 
2.1  X  104  means  that  there  are  only  two. 

Practice  Problems 

1.  Copy  each  of  the  following  numbers,  circle  the  doubtful  digit,  and  record  the  number 
of  significant  digits: 


2.00  X  10° 
2.08  X  103 


3.472 

14.00 


0.59 

0.006 


2,687.62 

981 
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2.  The  length  of  a  building  is  found  to  be  3000  cm.  Express  the  number  in  such  a  form  that 
a  reader  will  know  that  there  are  three  significant  digits. 

3.  The  population  of  a  city  is  7,000,000.  Express  this  so  that  a  reader  will  know  that  there 
is  only  one  significant  digit  in  the  number. 

The  rules  for  computations  based  on  measured  quantities  are: 

RULE  1  If  you  are  adding  or  subtracting,  disregard  all  digits  to  the  right  of  the  first 
doubtful  digit  used  in  the  operation.  Examples: 


6.703 

6.70 

4.4810 

2.49 

2.49 

1.3000 

1.7368 

1.74 

9.0738 

10.93 

14.8548 

The  fact  that  the  2.49  in  the  column  at  the  left  stops  at  the  9  tells  you  that  the  9  is  a  doubtful 
digit  and  that  it  is  nonsense  to  put  0’s  after  it  when  you  add  the  column.  Therefore  the  other 
numbers  must  be  shortened  by  rounding  off,  as  shown  in  the  middle  column,  before  the 
addition  takes  place.  The  0’s  in  the  column  at  the  right  tell  you  that  all  of  these  numbers 
have  four  significant  digits  after  the  decimal  point.  Therefore  all  the  digits  can  be  used  in 
the  addition. 

RULE  2  If  you  are  multiplying  or  dividing,  in  most  cases  record  in  the  answer  as  many 
significant  digits  as  there  are  in  the  least  reliable  number  in  the  data.  For  example: 

521.8  X  0.0629  =  32.82122  if  you  multiply  it  all  the  way. 

521.8  has  four  significant  digits,  whereas  0.0629  has  three.  Therefore  the  answer  is  rounded 
off  to  three  significant  digits  and  is  given  as  32.8.  The  reason  for  rounding  off  can  be  shown 
by  working  out  the  problem  above,  showing  doubtful  digits  in  italics: 

521.5 
X  0.0629 
46962 
1043 6 
3130  8 
32.82122 

All  of  the  digits  in  46962  are  doubtful,  because  they  are  obtained  by  multiplying  by  the 
doubtful  digit,  9.  As  a  result,  five  of  the  digits  in  the  answer  are  doubtful,  and  only  the  first 
of  these  doubtful  digits,  the  8,  has  any  meaning  at  all. 

Practice  Problems 

Round  off  the  answer  in  each  of  the  following  cases  to  the  proper  number  of  significant 
digits: 

1.4.11  X  0.23  =  0.9453 

2.  0.015  X  346  X  5142  =  26686.98 

3.  4.700  h-  156  =  0.030128 
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Rules  for  Graphing  Experimental  Data 
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Velocity-time  graph  for  a  ball  rolling  down  a  slope. 
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These  rules  are  illustrated  by  the  velocity-time  graph  at  the  left. 

RULE  1  Decide  which  variable  is  independent  and  which  one  is  dependent.  For  the  graph 
shown,  time  is  considered  to  be  the  independent  variable  because  the  velocity  depends  on 
how  long  the  ball  has  been  rolling.  The  independent  variable  is  to  be  graphed  on  the  hori¬ 
zontal  axis  and  the  dependent  one  on  the  vertical  axis. 

RULE  2  Choose  scales  that  will  stretch  the  variables  across  the  page,  using  as  much  of  the 
graph  paper  as  possible.  However,  when  you  do  this,  choose  a  scale  that  makes  it  easy  to 
locate  points.  Never  let  5  squares  equal  6  units,  for  example.  A  scale  having  5  squares  equal 
to  10  units  would  be  better.  It  is  not  necessary  to  use  the  same  scale  in  both  directions,  even 
when  both  variables  are  expressed  in  the  same  unit  (both  in  meters,  for  example). 

RULE  3  Put  numbers  on  the  axes,  and  labels  along  the  sides,  which  tell  what  quantity  is 
being  graphed  and  which  name  the  unit  being  measured. 

RULE  4  Locate  each  data  point  by  making  a  small  dot  in  pencil.  When  you  are  sure 
that  you  have  made  no  mistake  in  locating  the  points,  ink  in  each  dot  and  draw  a  circle 
around  it  in  ink. 

RULE  5  In  pencil,  draw  the  smooth  line  that  you  think  fits  the  data  points  best.  If  the 
points  seem  to  lie  along  a  straight  line,  draw  the  line  of  best  fit  with  a  ruler,  preferably  a 
transparent  one,  so  you  can  see  all  of  the  points  while  you  select  the  position  of  the  line. 
If  the  points  seem  to  lie  along  a  curve,  draw  a  smooth  curve.  Do  not  try  to  force  your 
line  to  go  through  all  the  points. 

Experimental  error  will  usually  cause  some  of  the  points  to  be  off  the  line.  For  an  experi¬ 
ment  done  carefully,  with  very  accurate  equipment,  the  points  may  be  very  close  to  the  line. 
Because  you  have  located  the  data  points  with  ink  and  your  line  in  pencil,  you  will  find  it 
easy  to  change  the  line  if  you  are  not  satisfied  with  it.  Later  you  can  draw  the  line  in  ink 
also.  However,  often  an  ink  line  is  not  as  satisfactory  as  a  pencil  line  because  it  may  smudge. 

Sometimes  you  will  know  that  one  of  your  points  has  no  experimental  error  and  that  the 
line  must  therefore  go  through  that  point.  Such  is  the  case  with  the  graph  shown  here. 
If  a  ball  starts  from  rest  to  roll  down  a  slope,  then  when  t  =  0,  the  velocity  must  also  be  0. 

RULE  6  Give  your  graph  a  title. 
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Percent  of  Error 


Percent  of  error  in  a  measurement  is  defined  as: 


difference  between  measured  value  and  correct  value 
correct  value 


X 


100 


The  “correct  value”  may  be  the  value  considered  by  experts  to  be  the  best  measurement 
that  has  been  made.  The  Physical  Constants  given  in  the  Appendix  are  such  “best”  values. 

In  some  cases  (when  you  are  using  a  meter  stick)  the  correct  value  is  considered  to  be  a 
distance  marked  on  the  stick,  and  you  estimate  the  maximum  possible  error  you  might 
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make  when  you  use  the  stick.  If  the  stick  is  marked  in  mm,  you  might  think  that  the 
maximum  possible  error  is  0.5  mm.  Then  you  estimate  the  percent  of  error  as: 

estimated  maximum  error 

- : -  X  100 

correct  value 


In  the  case  of  the  meter  stick,  if  you  are  measuring  something  that  is  1  m  long  (1000  mm), 
the  estimated  percent  of  error  is: 


0.5  mm 
1000  mm 


X  100  =  0.05% 


However,  if  you  are  measuring  something  that  is  1  cm  long  (10  mm),  the  estimated  percent 
of  error  is: 


0.5  mm 
10  mm 


100  -  5% 


Often  you  have  no  “best”  values  for  comparison  when  you  make  measurements  in  the 

laboratory.  If  you  have  made  two  measurements  of  the  same  quantity,  you  may  wish  to 

calculate  the  percent  of  difference  between  them.  In  that  case,  you  use  the  formula: 

difference  between  the  measurements 

percent  of  difference  =  - -  X  100 

average  of  the  measurements 

Practice  Problems 

1.  The  speed  of  light  is  measured  by  a  student  as  2.8  X  108  m/sec.  What  is  his  percent 
of  error? 

2.  Millikan,  who  first  measured  the  charge  on  the  electron,  reported  a  value  of  1.59X  10— 19  C. 
It  was  later  found  that  this  was  incorrect  because  of  an  error  in  one  of  the  constants, 
measured  by  other  people,  which  he  had  used  in  his  calculations.  What  was  the  percent 
of  error? 

3.  If  you  estimate  a  maximum  possible  error  of  0.5  g  when  you  use  a  certain  balance  for 
weighing,  what  is  the  percent  of  error  when  the  object  has  a  weight  of  (a)  2  kg?  (b)  800  g? 
(c)  20  g? 

4.  Two  measurements  of  the  index  of  refraction  of  a  piece  of  glass  are  1.593  and  1.598. 
What  is  the  percent  of  difference? 
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The  Metric  System 


Two  metric  systems  are  in  common  use,  the  MKS  (meter-kilogram-second)  and  the  CGS 
(centimeter-gram-second).  The  fundamental  units  in  these  systems  are  those  of  length, 
mass,  and  time.  Prefixes  are  used  to  indicate  multiples  or  fractions  of  units.  Hence,  one 
thousand  meters  is  called  a  kilometer,  and  one  thousandth  of  a  meter  is  a  millimeter. 
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Multiple  or  Fraction 

Prefix 

Symbol 

106 

mega- 

M 

103 

kilo- 

k 

icr2 

centi- 

c 

10~3 

milli- 

m 

10~6 

micro- 

y  (mu) 

10~9 

nano- 

n 

10  12  pico- 

*A  common  unit  of  electric  capacitance  is  the  picofarad,  10~12  F. 

p* 

LENGTH 

Fundamental  unit:  the  meter  (m)  is  de¬ 

Unit 

Abbreviation 

Equivalent 

fined  as  a  multiple  of  the  wavelength  of  the 

kilometer 

km 

103  m 

orange-red  light  from  krypton-86. 

centimeter 

cm 

10-2  m 

millimeter 

mm 

10— 3  m 

micron* 

n 

10-6  m 

*“Micron”  and  “millimicron”  are  names  not 
using  the  system  of  prefixes;  otherwise  they  would 

millimicron* 

my. 

10~9  m 

be  micrometer  and  nanometer. 

Angstrom 

A 

10“10m 

1  meter  —  39.37  in.  =  3.281 

ft  1  foot  = 

=  0.3048  m 

1  mile  =  1 609  m  =  1 .609  km  1  in.  = 

=  2.54  cm 

MASS 

Fundamental  unit:  the  kilogram  (kg)  is 

Unit 

Abbreviation 

Equivalent 

defined  as  the  mass  of  a  cylinder  of  plati¬ 

kilogram 

kg 

103g 

num-iridium  kept  at  the  International 

milligram 

mg 

10-3  g 

Bureau  of  Weights  and  Measures,  in 
Sevres,  France. 

microgram 

Mg 

io-°  g 

1  kilogram  -  2.20  lb 

1  lb  =  0.454  kg 

VOLUME 

Some  units  are  based  on  the  length  unit. 

Unit 

Abbreviation 

Equivalent 

Another  unit  is  the  liter  (1),  defined  as  the 

cubic  centimeter 

cm3 

10-G  m3 

volume  occupied  by  1  kg  of  water  at  4°C 

cubic  millimeter 

mm3 

10-9  m3 

and  760  mm  pressure. 

milliliter 

ml* 

10“ 3  1 

*1  liter  =  1000.028  cm3.  Therefore  1  ml  is 
almost  exactly  equal  to  1  cm3. 

microliter 

y\ 

io—°  1 

TIME 

Fundamental  unit:  the  second  (sec)  is  de¬ 

Unit 

Abbreviation 

Equivalent 

fined  as  a  multiple  of  the  transition  fre¬ 

millisecond 

msec 

10-3  sec 

quency  of  the  cesium  atom. 

microsecond 

ysec 

10-6  sec 

nanosecond 

nsec 

10-9  sec 
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9—8  Courtesy  of  Bell  Telephone 
Laboratories,  Inc. 

9—9  Courtesy  of  Bell  Telephone 
Laboratories,  Inc. 

9—15  Isogonic  Chart:  Courtesy 
of  U.S.  Coast  and  Geodetic  Sur¬ 
vey 

13— 17d  Courtesy  of  General 
Electric  Company 

Page  351  Culver  Pictures,  Inc. 

16—12  Courtesy  of  Lawrence  Ra¬ 
diation  Laboratory,  University  of 
California 
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